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THE EFFICACY OF ULTRA-VIOLET LIGHT SOURCES IN KILLING 
BACTERIA SUSPENDED IN AIR 
B. A. WHISLER 
Fram the Department of Civil Engineering, fowa State College 
Received September 13, 1939 
Wells and Fair1 have shown that ultra-violet radiations are effective 
in destroying bacteria suspended in air. This paper reports the results of 
a quantitative investigation of the factors involved in this bactericidal 
action. The investigation was carried out in the Sanitary Engineering 
laboratories of Harvard University, under the direction of Professor 
G. M. Fair. 
The first approach to a solution of the problem was made by the 
author and W. F. Wells by sampling infected air as it approached an 
ultra-violet light in a tunnel. This work led to the development, by the 
author, of apparatus on a laboratory scale. The final equipment used was 
a duct system in which the infected air could be sampled at several 
points as it approached the ultra-violet light source at a constant velocity. 
APPARATUS 
A diagram of the apparatus used is shown in figure 1. It will be 
described by following the air flow through the system. Room air passes 
into a 12-inch-diameter duct. At the point of entrance a dilute culture of 
bacteria is sprayed into the air by an atomizer and another atomizer 
humidifies the air to the required value. The air then passes through 
twelve feet of duct and through a mixing tank provided with baffles. 
From this tank the air enters the irradiation duct which is a 12-inch-di-
ameter duct 16-feet-long leading into the tank in which the ultra-violet 
light source is placed. The air passes from the light tank into a section of 
duct provided with straighteners and an orifice for measuring the flow. 
Beyond the orifice is a butterfly valve and then a blower for controlling 
and creating the air flow. From the blower the air is exhausted to the 
outdoors. Inserted in a tube leading from the entrance of the irradiation 
duct to the inlet of the blower are a wet bulb thermometer and a dry 
bulb thermometer for measuring the humidity of the air. At points 1, 2, 
4, 8, and 16 feet from the ultra-violet light, perforated copper tubes are 
placed diametrically across the irradiation duct. The two ends of each 
tube are joined outside the duct and lead, through a small Venturi tube, 
to the air sampler, a Wells Air Centrifuge2 • 
The dosing atomizer takes its supply of culture from a constant level 
supply bottle which is in turn kept filled from a main supply bottle. The 
atomizer does not spray the culture directly into the air stream, but into 
a horizontally placed Erlenmeyer flask provided with .side outlets. The 
coarse droplets impinge on the sides of the bottle and are drained away, 
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FIG. 1. Diagram of duct system. 
while the finest droplets pass out the side outlet into the air stream where 
they evaporate, leaving minute infected particles floating in the air. The 
compressed air supply for the atomizer is kept at a constant pressure. 
SOURCES OF ULTRA-VIOLET RADIATIONS 
As work by Gates8 and others on the irradiation of bacteria upon 
solid media had indicated that the effective range of radiations lies below 
a wave length of 302 mµ, light sources particularly effective in that re-
gion were investigated. Four light sources were used: (1) A high pres-
sure quartz mercury arc known as the Uviarc, (2) a low pressure quartz 
mercury arc which was similar in design to a Cooper-Hewitt lighting 
unit, but only 14 inches long, (3) a Hanovia Alpine quartz mercury arc, 
and (4) a carbon arc, operated both with plain carbons and with thera-
peutic carbons. 
BACTERIA INVESTIGATED 
The greater part of the work was carried out using Escherichia coli 
as the experimental organism. Though not normally found in air, it was 
used because it is a non-pathogenic, easily cultivated, single celled or-
ganism whose cells do not attach themselves to each other. Its general 
characteristics are well known and it may be grown on a medium which 
inhibits the growth of other organisms which might interfere with the 
counts. 
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A few runs were made on each of three other species of bacteria. 
Sarcina lutea was used because, in contrast to Escherichia coli, it is a 
normal inhabitant of the air and it forms tenacious packets containing as 
many as 64 cells. Staphylococcus aureus was used because it is one of 
the organisms which should be removed from the air by any air disinfec-
tion method. It is a normal inhabitant of the air and is pathogenic, causing 
boils, abscesses and wound infections. It grows as single cells and in 
groups, usually in the form of plates. The third was Bacillus subtilus 
which differs from the other organisms used, in that it forms spores. It is 
a normal inhabitant of the air and is non-pathogenic. 
EXPERIMENTAL PROCEDURE 
Throughout the experiments the general procedure was as follows: 
a. The velocity of air flow in the irradiation duct was adjusted to 
a predetermined value. 
b. The ultra-violet light was started and permitted to warm up. 
c. The dilute culture of bacteria was placed in the supply bottle and 
the atomizer started. 
d. Six successive samples were taken from the 16, 1-, 2-, 4-, 8-, and 
16-foot points in the order named. 
e. One variable was changed and the procedure repeated. 
f. The sample tubes were incubated at 37° C. for 24 hours and the 
developed colonies counted. 
During each run the following data were recorded: 
a. The manometer readings from which the flow of air in the system 
was calculated. 
b. The voltage drop and current through the ultra-violet light source. 
c. The wet and dry bulb thermometer readings. 
d. The identifying mark on the sample tube. 
e. The duration, time of starting of the sample, and the rate of air 
flow in the sampler. 
THEORETICAL ANALYSIS OF KILLING 
Following the usual laws of disinfection, the killing effect of ultra-
violet light upon bacteria in air may be expressed as follows: 
dN = -kNdt (1) 
In this equation N is the number of bacteria present in a unit volume of 
air at a given instant, dN is the change in N in the time interval dt, and k 
is a constant depending upon the light intensity and the particular species 
ko 
of bacteria being irradiated. This constant k may be replaced by -
x2' 
where k0 is the killing power constant and x is the distance from the 
source. 
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If the bacteria are irradiated while at a constant distance x from the 
light source, this equation may be integrated to give: 
No ko 
log10 - = 0.4343 - t 
Nt x 2 
(2) 
where N0 is the number of bacteria in a unit volume at time zero, Nt is 
the number remaining at time t, and the factor 0.4343 is introduced when 
No 
the logarithm to the base 10 is used. The quantity log10 - is the reduc-
N t 
tion and will be designated by F. The actual reduction in the number of 
bacteria present may be expressed in several ways as shown in table 1. 
TABLE 1. Reduction factors 
Number Number Percentage Percentage Reduction 
starting remaining reduction remaining factor F 
10 1 90 10 1 
100 1 99 1. 2 
1000 1 99.9 0.1 3 
10000 1 99.99 0.01 4 
100000 1 99.999 0.001 5 
Equation (2) may be simplified by substituting the reduction factor 
F to give: 
Fx2 
t = ----
0.4343ko 
(3) 
If contaminated air is moving at a constant velocity v toward the 
ultra-violet light source, the velocity required to maintain a certain re-
duction, F, between two points at x0 and x1 distances from the light may 
dx 
be found by putting dt = - -- in equation (1) and integrating as be-
v 
fore. This gives: 
ko( 1 1) v= 0.434- - •C--
F X 1 xo 
(4) 
If contaminated air is moving past an ultra-violet light source at a 
velocity v in a duct of radius R , the velocity required to maintain a cer-
tain reduction F between points before and after passing the light may 
be similarly calculated. The mathematics involved are very complicated 
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however. A very close approximate solution gives the following equa-
tion: 
ko 
v= 1.68--
FR 
(5) 
It is apparent in these equations that the killing power k 0 of a given 
lamp with respect to a certain organism is the only term not established 
in terms of purely physical measurements. The problem therefore is to 
determine absolute values for k 0 and to determine how k 0 varies with 
different light sources, for different organisms, and for different air con-
ditions. 
The development of these equations does not include the effect of 
reflection from the inside of the irradiation duct upon the value of k 0• 
The inside of this duct was painted to give it a minimum reflectivity. 
Nevertheless, the small percentage of reflection will cause a large increase 
in intensity of radiations at any point. The formulation is unaffected by 
this change for the intensity is increased by a constant ratio at any point 
in the duct. The result is that the values of killing power are somewhat 
higher than those which would be obtained with no reflection, but that 
they are lower than those values which would be obtained with an ordi-
nary unpainted galvanized duct. 
It is obvious that these equations have been built up from purely 
theoretical considerations and it remains for the experimental work to 
establish their validity. For each set of experimental conditions a k 0 was 
calculated from equation (4). The k 0 as used was the mean of all ten 
constants which it was possible to calculate from the ten possible combi-
nations of samples taken from the five sampling points. 
RESULTS 
The samples taken during this investigation gave the numerous data 
necessary to draw accurate conclusions where biological reactions are 
involved. These results will be discussed under the following topics: 
a. The effect of variations in lamp voltage upon killing power. 
b. The effect of humidity upon killing power. 
c. The effect of light intensity upon killing power. 
d. Killing effected between sampling points, approaching the light. 
e. Comparison of killing power of various ultra-violet light sources. 
f. Effect of light filters upon the killing power of the ultra-violet light 
source. 
g. Relative susceptibility of different organisms to ultra-violet light. 
Parts a. through f. were studied using Escherichia coli as the test 
organism. 
EFFECT OF LAMP VOLTAGE 
Early in the experimental work it was noticed that variations in op-
erating characteristics of the Uviarc caused great variations in the killing 
power. This effect was investigated by varying the velocity of air flow 
220 B. A. WHISLER 
past the light, thus changing its temperature, or by varying the external 
resistance in series with the arc, all other factors remaining constant. The 
resulting values of k 0 were calculated and plotted against various com-
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FIG. 2. Relation between ko and voltage across arc. 
binations of voltage, current, power, etc. The only consistent plot was 
that between k0 and voltage as shown in figure 2. The slope of the line 
indicates that the killing power varies as the fourth power of the voltage 
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drop across the arc which was to be expected. This may be but a masking 
of other fundamental factors, but nevertheless serves as an excellent 
empirical means of correcting k0 for variations in the operating character-
istics of the arc. 
HUMIDITY EFFECT 
It was found that humidity has a very important effect upon the kill-
ing power of ultra-violet radiations. Plotted in figures 3 and 4 are 54 
points obtained with the Uviarc and Escherichia coli. In figure 3, k 0 is 
10000 
-~ q v ::-- - 4~ 8:> 
e1 <f' r--c-.._ oo-----~'n ---- -v -
' 
1000 
' .... 
'\ '\ 
- '\ ' 
\ "· r\ 
4~ \ \\ 
o'Z ,\,\ 
0 
.::c. 
100 
~ \ 0 ~~ 
- ... 
-
.... -
-
-...... 
0 
u 
10 20 30 40 :50 60 10 60 90 100 
Relative humidity - j1. 
F G. 3. Relation between relative humidity and k. for Uviarc and Escherichia coli. 
plotted against relative humidity and in figure 4, k 0 is plotted against 
absolute humidity. As most points were obtained with air at about the 
same dry bulb temperature, both plots tend to be similar and consequent-
ly no conclusion as to which humidity is the controlling factor could be 
made. However, two runs of three points each were obtained at very low 
dry bulb temperatures. The three points obtained in each of these two 
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runs are connected by dashed lines in both plots. The fact that these 
points coincide with all the other points in the plot against relative humid-
ity, but that they are far out of line in the plot against absolute humidity 
indicates definitely that the relative humidity is the factor directly affect-
ing the killing power. 
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The plot of k 0 against relative humidity indicates that the killing 
power of ultra-violet radiations upon bacteria in air is unaffected by 
humidities below about 55 per cent R. H. Above that point there is a 
sharp break so that at 65 per cent R. H. the killing power is but one-filth 
as great as it is in dry air, at 75 per cent it is one-tenth as great and at 100 
per cent it is but one-twenty-fifth as great. This indicates that at the 
critical point some new factor enters the situation. The extreme sharp-
ness of the break would indicate that this factor is physical rather than 
biological. The increase in humidity may cause a change in the surface 
conditions of either the particle containing the bacterium being irradi-
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ated or the organism itself, which by refraction or reflection prevents a 
large part of the radiations from penetrating the organism. According to 
Lyman' and also to Anderson and Robinson5 water is quite transparent 
to ultra-violet in the spectrum range of the quartz mercury arc so that 
absorption of the rays by a thin water layer could not furnish an explana-
tion of the observed variations. 
EFFECT OF INTENSITY OF RADIATIONS 
The low pressure mercury arc provided a convenient means of 
studying the effect of variations in intensity of the radiations upon the 
killing power of the arc. The total intensity of the radiations could be 
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varied by shielding different lengths of the quartz tube. In actual use 
3-inch, 6-inch and 12-inch lengths of the tube were used and k 0's obtained 
for each. 
Using the k 0 obtained with the 12-inch tube as a base, the ratios of 
the ko's obtained with the other lengths were calculated and plotted 
against the proportion of full tube length exposed. The plot of these 
values for the several runs is shown in figure 5. The mean of all values 
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is shown by the large circles connected by the full line. The heavy dashed 
line is drawn at a 1: 1 slope and is included within the range of the stan-
dard deviation of the mean of all points. It must be concluded, therefore 
that within the limits of experimental error the killing power is directly 
proportional to the intensity of the radiations. 
KILLING BETWEEN SAMPLING POINTS 
The values of k 0 as calculated for the ten possible combinations of 
pairs for the five sampling points were used as a means of checking the 
validity of the equations already developed. As the intensity of the 
radiations varies as 256 to 1 throughout the length of the irradiation duct, 
a k 0 which remains constant throughout its length would be an excellent 
check of the fundamental assumptions. 
The runs used for this analysis were divided into two groups, one 
connecting 16 sets of observations below 50 per cent relative humidity 
and the other containing 20 sets of observations above 70 per cent rela-
tive humidity. For each set the mean value of k 0 was determined and 
the ratio of the ten individual values to this mean was determined. The 
mean value and the standard deviation of all ratios calculated between 
the same points were determined. 
Equation (4) may be written as follows: 
No ko( 1 1 ) F =log-= 0.434- - -
Nt v X1 Xo 
~ 1 
From this it is seen that log - will plot as a straight line against - on 
Nt x 
No 1 
arithmetic paper or - will plot as a straight line against - on semi-log 
Nt x 
paper, providing v is kept constant, in which case the slope of the curve 
is a direct function of k 0• Assuming v = 100 feet per minute, such a plot 
was made for the actual values of k 0 determined between sampling points 
at relative humidities below 50 per cent. This is shown in figure 6. 
Similarly, figure 7 is a plot for the k 0s determined with relative humidities 
above 70 per cent, but with v=50 feet per minute. 
It may be seen that the slope of the curve, and consequently the cal-
culated values of k 0 , decrease as the light source is approached. The 
actual plotted points, therefore, deviate from the theoretical straight line. 
The most reasonable explanation of this deviation is that the organisms 
themselves and the particles in which they are suspended are not identi-
cal. That such a situation would cause a curve of this type may be shown 
by assuming that the bacteria are of two homogeneous types each of 
which would die as shown by the straight, dashed lines in the plot. If 
the number of organisms of each kind remaining at any point be added 
together a curve practically identical with that actually obtained will re-
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FIG. 6. Death of Escherichia coli approaching light in dry air. 
sult. That a combination of organisms of differing characteristics is present 
is only logical under the conditions. It is apparent from the two diagrams 
that the range of variation is much greater in the humid air than in the dry 
air, as might be expected. 
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If the observed results had plotted as a straight line, the experimental 
results would have completely justified the formula used and with it the 
original assumptions. They did not, but the comparatively small deviation 
may be accounted for by modifying the assumption that all the organisms 
are identical. This modification in no way impairs the mathematical valid-
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ity of the original equations but merely recognizes the fact that it was 
impossible to reach ideal uniformity with the experimental methods 
available. If this modfication is valid, the curve agrees with the mathe-
matical equations. It should also be noted that the variation of killing 
effect from a straight line on semi-logarithmic paper is a common obser-
vation in studies of disinfection and natural bacterial death rates. 
KILLING POWER OF DIFFERENT LIGHT SOURCES 
The four different ultra-violet light sources gave widely different 
values for the killing power. Table 2 shows the actual killing powers of the 
various light sources at several values of relative humidity. On the basis of 
equal power consumption it is observed that the low pressure arc is 1.6 
times more efficient than the Uviarc in dry air and 3 times more efficient 
in humid air. The Hanovia Alpine is about half as efficient as the Uviarc. 
The carbon arcs tested were extremely inefficient bactericidally, the Uvi-
arc being 30 times as efficient as the carbon arc using plain carbons. The 
use of therapeutic carbons increased the efficiency of the carbon arc about 
50 per cent. 
EFFECT OF LIGHT FILTERS 
Glass filters placed between the light source and the bacteria have the 
effect of removing certain portions of the spectrum. In this work Corex 
D and Pyrex filters were used. The Corex D transmits 71 per cent of the 
incident enegry at 302 mµ, 9 per cent at 266 mµ, the point of maximum effi-
ciency of killing, and practically none below 250 mµ. The Pyrex transmits 
13 per cent at 302 mµ and none below 285 mµ. 
The Corex D filter used with the Uviarc reduced the value of k 0 in dry 
TABLE 2. Bactericidal power of various light sources 
Value of ko at 
relative humidity of 
22 35 68 90 
Sour ce Volts Watts per cent per cent per cent per cent 
Uviarc 70 300 1500 1500 210 74 
14 in. Low 
Pressure 
Mercury Arc 30 105 800 920 190 95 
Hanovia Alpine 40 172 289 59 
Hanovia Alpine 46 184 444 102 
--
Carbon Arc 
Plain 75 949 106 
Plain 75 1050 175 
Therapeutic 80 1120 230 
Note: Escherichia coli used as test organism. 
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air from 1500 to 92. At 75 per cent relative humidity the k 0 was reduced 
from 150 to 38. The Pyrex filter gave values of 51 at 25 per cent relative 
humidity and 15 at 71 per cent relative humidity under similar conditions. 
The fact that the filters reduce the killing power of a quartz mercury arc 
to six per cent or less of its killing power when bare is abundant evidence 
that for practical purposes the radiations below 280 mµ are the important 
bactericidal agents. 
SUSCEPTIBILITY OF DIFFERENT ORGANISMS 
As pointed out previously, the killing power, k 0, is a factor which de-
pends not only upon the source of radiation, but also upon the type of 
organisms irradiated. The results of the irradiation of four dissimilar or-
ganisms by the same low pressure ultra-violet light source are shown in 
table 3. Although this information was obtained from a few individual 
runs and is not backed by numerous checks, it is of some interest. 
TABLE 3. Killing effect of ultra-violet radiations upon various bacteria 
Value of k. at 
relative humidity of 
30 52 59 85 
Name per cent per cent per cent per cent 
Escherichia coli 880 1000 600 100 
Sarcina lutea 12 
Staphylococcus aureus 269 87 
Bacillus subtilis 
2 day culture 160 76 
4 day culture 113 
Note: All values obtained with low pressure mercury arc. 
The normal air-borne organisms Sarcina lutea, Staphylococcus aureus, 
and Bacillus subtilus are considerably more resistant to ultra-violet ra-
diations than is Escherichia coli. The variations between the air-borne 
organisms themselves may be accounted for by differences in their group-
ing. For instance, the tendency of Sarcina lutea to form large tenaceous 
packets in which the outer cells protect the inner ones may account for 
the fact that it is 10 to 20 times more resistant than the other air-borne 
bacteria tested. The 48-hour culture of Bacillus subtilus contained nu-
merous spores. The results indicate that the spores are no more resistant 
and perhaps less so than the cells in the vegetative state. 
Another factor which should be considered is that the organisms 
which form in packets will form droplet nuclei which will be infected by 
more than one bacterial cell. As the sampling method is really one of deter-
mining the number of infected nuclei present, not individual organisms, 
the ultra-violet light must kill every cell in the nucleus before a reduction 
is indicated. Thus, although individual cells might be killed as readily, 
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bacteria which form clusters of cells of any type may appear to be more 
resistant than bacteria which form discrete cells. 
The air-borne organisms show an increase in resistance at high hu-
midities as do Escherichia coli. However, the ratio of increase is not so 
great, indicating that the change in resistance with changes in humidity is 
a function of the cell itself. The humidity appears to affect different bac-
teria to varying extents. 
ENGINEERING APPLICATIONS 
The equations previously stated appear to describe adequately the 
effect of ultra-violet radiations upon bacteria suspended in air. The en-
gineer may apply them directly to the problem of irradiation of a room 
or disinfection of air passing through a cylindrical ventilation duct. 
The simplest problem is that of the sterilization of the air in a room. If 
an ultra-violet light be suspended in the room equation (3) applies: 
F x2 
t=----
0.4343 k0 
(3) 
No 
A desired reduction ratio of - to be accomplished at distance x in time 
N1 
t is chosen and k 0 is calculated. The value of k0 determines the number 
of a particular type of lamp which are necessary to produce the required 
killing of the bacteria. The formula may be used in constructing a simple 
chart as shown in figure 8 from which the values of k 0 may be taken 
directly. 
In sterilizing the air passing through a ventilation duct by placing the 
ultra-violet light in the duct, equation (5) may be used. For convenience 
it may be expressed in terms of the quanity Q of air being irradiated in a 
unit of time, where 
ko R Q=5.28-
F 
Assuming as before the appropriate values of F, Q, and R, k 0 may be 
calculated and the number of lights required to produce the desired re-
sult may be determined. 
The relative simplicity of these equations recommends them for prac-
tical uses. The only experimental information necessary is the value of 
the constant for the particular lamp and organism under consideration. 
CONCLUSIONS 
The following general conclusions seem warranted by the experi-
mental work. 
1. The bacterial killing power of ultra-violet radiations varies direct-
ly as the time of exposure of the bacteria to the light. 
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FIG. 8. Generalized diagram of killing of bacteria by U. V. radiations from source 10 
feet away. 
2. The bacterial killing power of ultra-violet radiations varies direct-
ly as the intensity of the light. 
3. The bactericidal effect of ultra-violet radiations may be expressed 
in the form of simple mathematical relationships. 
4. The killing effect is remarkably dependent upon the relative 
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humidity of the air, the ultra-violet radiations being 10 or more times as 
effective in dry air as in humid air. 
5. The use of glass filters indicates that over 94 per cent of the killing 
effect of the quartz mecury arc lies in the region of the spectrum below 
280mµ. 
6. For a given high pressure quartz mercury arc the killing power 
varies as the fourth power of the voltage drop across the lamp. 
7. On the basis of power consumption, the low pressure mercury arc 
is 60 per cent more efficient as a bactericidal agent than the 110 V. Uviarc, 
a high pressure unit. The Hanovia Alpine is one half as efficient bacteri-
cidally as is the 110 V. Uviarc. The efficiency of the carbon arc for this 
purpose is but a few per cent of that of the mercury arc. 
8. The value of the killing power, k0 , expressed in feet and minutes, 
was 1500 for a 110 V. Uviarc and Escherichia coli in air at less than 55 
per cent relative humidity. 
9. Between different genera of bacteria there are great variations 
in resistance to ultra-violet radiations. Sarcina lutea, a normal air-borne 
organism, was observed to be 100 times more resistant than Escherichia 
coli, a normal inhabitant of the intestinal tract of man. The other air-
borne organisms studied, Staphylococcus aureus and Bacillus subtilis, 
were 3 and 8 times more resistant than Escherichia coli, respectively. 
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A great deal of interest is being shown in the utilization of farm 
wastes, particularly those of a fibrous nature, such as cornstalks and 
cereal straws. The fermentation of these raw materials had been sug-
gested as one possible method of attacking the problem. With this ob-
ject in mind the authors initiated a series of experimental studies to 
ascertain the feasibility of fermenting such farm wastes. It must be 
emphasized that these fibrous farm products are of complex nature and 
consist of cellulose, hemicellulose, lignin, and probably some other con-
stituents as yet unidentified. Any practical use that can be made of any 
of these individual constituents should contribute toward the solution 
of the problem. 
One possibility which suggested itself was the production of fuel 
gas from these wastes. Recent studies by the authors (21) have shown 
that the rate of gas production by the anaerobic fermentation of farm 
wastes was greater at 50° to 55°C. than at 28° to 30°C., although the 
total amount of gas produced was about the same. It was ascertained 
also that the fineness· of the material and its physical make-up played an 
important role in the susceptiblity of the fibrous material to anaerobic 
microbial decomposition. In these previous studies no attempt was made 
at periodic chemical analyses of the residues, since the main object was 
to determine how much utilizable gas could be produced from a unit 
quantity of waste material. The next logical step was to ascertain at 
what rate the individual constituents were decomposed. This informa-
tion should be of value in planning experiments for the preliminary 
treatment of these wastes in the preparation of pulp, in retting, and in 
composting. 
In pursuance of these objectives the authors (22) found that at 28° 
to 30°C. cornstalk fl.our was fermented more rapidly than chopped corn-
stalks and produced more gas in a given unit of time; that in cornstalk 
fl.our the cellulose and pentosan losses were considerably greater than 
in the chopped cornstalks; that the lignin loss was greater in the chopped 
cornstalks than in the cornstalk fl.our although this loss was a great deal 
less than the loss of either cellulose or pentosans. In the above study, 
particular emphasis was placed on the determination of the rate of loss 
of cellulose, pentosan, and lignin in relation to the rate and total amount 
1 Established by the Bureau of Agricultural Chemistry and Engineering, United 
States Department of Agriculture, in cooperation with the Iowa State College, Ames, 
Iowa. 
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of gas produced. The fermentation gases produced were analyzed quan-
titatively to determine empirically their possible industrial value. 
The study herein reported is a companion paper to the previous 
publication by the authors (22) and deals with a similar study at 50° to 
55°C. 
The authors are not aware of any previous work dealing with a 
study of the decomposition and gasification of fibrous farm wastes by 
a thennophilic methane-producing seed. However, a great deal of work 
has been done with thermophilic micro-organisms on various products 
and some of the principles involved are indirectly connected with the 
work herein reported. The existence of thennophilic micro-organisms in 
soil, feces, water, milk, and other natural substrates was first definitely 
established by Miquel in 1879 (20). His work was followed by numerous 
other investigators (2, 14, 15, 19, 23, 27). Some investigators have been 
particularly interested in the fermentation of cellulose by thennophiles 
(16, 17, 24, 25, 28), some in the digestion of sewage solids (1, 5, 6, 8, 9, 
10, 11, 12, 13, 18, 26), some in the production of artificial manure (7), 
and others (3) in the production of power and fuel gas. 
EXPERIMENTAL 
The preparation of the materials, the technic employed, and the 
analytical methods used were identical with those outlined in a previous 
publication (22). In the work herein reported a thermophilic methane-
producing seed, originally developed from packing-house waste, was 
employed. The temperature of incubation was 50° to 55°C. 
For convenience the study is divided into the following three phases: 
1. Anaerobic decomposition of chopped and ground cornstalks sub-
merged in an active methane-producing seed. 
2. Losses caused by screening and washing the residues remaining 
from the anaerobic fermentation of chopped cornstalks. 
3. Anaerobic decomposition of chopped and of ground cornstalks 
submerged in water. 
RESULTS AND DISCUSSION 
1. Anaerobic decomposition of chopped and of ground cornstalks sub-
merged in an active methane-producing seed. 
In table 1 and figure 1 are presented the cumulative amounts of gas 
evolved. Gas was produced more rapidly from the cornstalk flour (200 
mesh) than from the chopped cornstalks (%-inch); the respective vol-
umes, per gram of volatile solids (loss on ignition) added, were 508 and 
355 cc. after 10 days of incubation. The average composition of gas pro-
duced from the two materials was not significantly different, being for 
the cornstalk flour, carbon dioxide 37.5 per cent, hydrogen 1.3 per cent, 
and methane 58.8 per cent, and for the chopped cornstalks, carbon di-
oxide 35.9 per cent, hydrogen 1.5 per cent, and methane 56.6 per cent. 
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TABLE 1. Gas production from cornstalks' at so• -55°C. 
Fermentation 
period in days 1 2 3 4 5 6 7 8 9 10 
Cornstalk flow' 
cc. of gas• per 
gram vol 
solids added .. 105 235 335 378 401 443 480 491 498 508 
pH ...................... - 7.2 - 7.2 - 7.1 - 7.1 - 7.1 
Chopped cornstalks' 
cc of gas• per 
gram vol. 
solids added .... 45 103 165 206 233 263 296 316 337 355 
pH 
········ ·············· 
- 7.2 - 7.2 - 7.2 - 7.1 - 7.1 
Seed Control 
Total gas 
in cc. 
·················· 
35 70 95 140 140 175 205 225 315 315 
pH ........... ........... - 7.6 - 7.6 - 7.4 - 7.3 - 7.3 
'Corrected to 760 mm. pressure and 60°F. 
'Cornstalk flour mixture-average gas composition-CO. 37.5 per cent; H. 1.3 
per cent; CH, 58.8 per cent. 
' Chopped cornstalk mixture-average gas composition-CO. 35.9 per cent; H, 
1.5 per cent; CH, 56.6 per cent. 
• Cumulative. 
Decomposition of the principal constituents (cellulose, pentosans, 
and lignin) is indicated in table 2 for the cornstalk flour, in table 3 for 
the chopped cornstalks, and graphically in figures 2 and 3. 
The cellulose (pentosan and ash-free) in the cornstalk flour was 
decomposed more rapidly than that in the chopped stalks, the former 
showing a loss of approximately 73 per cent and the latter a loss of about 
36 per cent after a fermentation period of 10 days. 
In the cornstalk flour both the cellulose and pentosans associated 
with the cellulose were readily decomposed, the respective amounts 
being 73 and 84 per cent in 10 days. In the case of the chopped corn-
stalks the pentosans associated with the cellulose were decomposed 
more rapidly than the cellulose; the respective amounts of decomposition 
were 86 and 36 per cent in 10 days. 
The pentosans in the cornstalk flour were fermented more rapidltY 
than those in the chopped stalks, the respective amounts of decomposi-
tion being 78 and 58 per cent in 10 days. 
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Fig. 1. Gas production from cornstalks submerged in an active methane-producing 
seed at 50° -55°C. 
Although some lignin was decomposed, it was the most resistant of 
the three principal constituents of the cornstalks. In the cornstalk flour 
series there was a loss of 17 per cent while in the chopped cornstalk 
series there was a loss of 33 per cent in 10 days. The reason for the 
greater decomposition of lignin in the chopped cornstalks is not known. 
Similar results were obtained at 28° to 30°C. (22). 
Boruff and Buswell (4) calculated the theoretical gas yields ob-
tainable from various plant constituents and were able to confirm the 
results experimentally. Using their theoretical values, a series of cal-
culations, based on the loss of pentosans and cellulose (tables 2 and 3), 
was made and is presented in table 4. In the cornstalk flour series the 
ratio of gas produced to the theoretical value calculated from the pento-
sans and cellulose lost was 1.018:1.000 for the 3-day fermentation period, 
1.079:1.000 for the 5-day, and 1.144:1.000 for the 10-day period. 
Although the loss of pentosans and cellulose is great enough to 
account for most of the gas produced during the 3- and 5-day periods, 
the high recovery may be due to gas produced from constituents other 
than pentosans and cellulose and the gas produced from the latter two 
may lag behind initial breakdown owing to the production of interme-
diates. 
TABLE 2. Decomposition of, and gas production from, camstalk flour 50° -55°C. 
Materials added After fermenting for 
As 
As cornstalk Three Five Ten 
Seed flour Total days days days 
Constituents* Total solids 34.17 23.66 57.83 46.89 45.26 43.53 
-present Volatile solids 22.65 22.42 45.07 33.96 32.30 31.15 
in Pentosans 2.77 7.66 10.43 5.03 4.33 4.00 
grams Crude cellulose (ash free) 5.51 11.30 16.81 9.72 8.72 7.86 
Pentosans in the cellulose 1.23 3.37 4.60 2.28 2.02 1.78 
Cellulose (corrected) 4.28 7.93 12.21 7.44 6.70 6.07 
Lignin 9.68 4.53 14.21 13.44 13.22 13.27 
Percentage (a) Total solids 41.90 46.30 52.60 
decrease Volatile solids 46.40 -52.50 56.05 
in Pentosans 69.35 78.20 78.30 
constituents Crude cellulose (ash free) 60.20 69.75 78.00 
Pentosans in the cellulose 67.90 76.00 83.60 
Cellulose (corrected) 58.10 66.80 73.25 
Lignin I 14.79 18.34 17.21 
Gas Total 8705 10520 12195 
produced Per gram cornstalk flour added 368 445 515 
in cc. Per gram vol. solids in cornstalk 
at 760 mm. flour added 388 469 543 
and 60°F. Per gram vol. solids lost 836 893 969 
(a) Losses noted in seed controls (table 5) were subtracted from total losses in the mixture to obtain losses due to the cornstalk 
material added 
• Kjeldahl nitrogen determinations were run on all of the samples, but since no extensive accumulation or decrease of nitro-
gen was noted, these values were not included in this table. 
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Fig. 2. Breakdown of cornstalk flour and chopped cornstalks submerged in an active 
methane-producing seed at 50° -55°C. 
In the 10-day period, assuming that all the pentosans and cellulose 
broken down were gasified, practically all the gas produced was account-
ed for. The additional gas is attrbuted to the decomposition of organic 
matter other than cellulose and pentosans. 
In the chopped cornstalk series the ratio of gas produced to the 
theoretical value, calculated from the pentosans and cellulose lost, was 
1.205:1.000 for the 3-day fermentation period, 1.230:1.000 for the 5-day, 
and 1.421:1.000 for the 10-day period. The losses of pentosans and cellu-
lose did not, at any period, account for all the gas produced. Constitu-
ents other than pentosans and cellulose may have accounted for the 
excessive gas. It is possible also that the gas production from the pento-
sans and cellulose lagged behind initial breakdown owing to the pro-
duction of intermediates. 
The results of the decomposition in the seed controls are presented 
in table 5. Very little gas was produced and the decomposition of the 
various constituents was very slow. 
Although no actual experimental work was done, the fermentation 
TABLE 3. Decomposition of, and gas production from, chapped cornstalks at 50°-55°C. 
Materials added After fermenting for 
As 
chopped 
As corn- Three Five Ten 
Seed stalks Total days days days 
Constituents• Total solids 34.17 24.15 58.32 48.50 46.45 43.40 
present Volatile solids 22.65 22.35 45.00 35.90 33.61 31.90 
in Pentosans 2.77 6.50 9.27 6.35 5.71 5.14 
grams Crude cellulose (ash free) 5.51 11.37 16.88 13.15 12.24 10.98 
Pentosans in the cellulose 1.23 2.94 4.17 2.47 2.58 1.63 
Cellulose (corrected) 4.28 8.43 12.71 10.68 9.66 9.35 
Lignin 9.68 4.49 14.17 13.04 12.98 12.54 
Percentage (a) Total solids 36.41 42.45 54.20 
decrease Volatile solids 37.60 46.60 52.60 
in Pentosans I 43.70 53.10 57.95 
constituents Crude cellulose (ash free) I 31.50 39.03 50.70 
Pentosans in the cellulose 56.80 52.40 86.45 
Cellulose (corrected) 22.18 33.68 35.92 
Lignin I 22.93 22.93 32.70 
Gas Total 5020 6835 8950 
produced Per gram chopped cornstalks added 208 283 371 
in cc. Per gram vol. solids in chopped 
at 760 mm. cornstalks added 225 306 401 
and 60°F. Per gram vol. solids lost 597 656 761 
(a) Losses noted in seed controls (table 5) were subtracted from total losses in the mixture to obtain losses due to the corn-
stalk material added. 
• Kjeldahl nitrogen determinations were run on all of the samples, but since no extensive accumulation or decrease of nitrogen 
was noted, these values were not included in this table. 
Initial volume-1500 cc. vol. solids in stalks 
Initial NH,N, content--673 p.p.m. Ratio = 0.9980 
Initial organic N. content--490 p.p.m. vol. solids in seed 
Initial reaction-pH 7.4 
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Fig. 3. Decomposition of cellulose and pentosans associated with cellulose in corn-
stalks submerged in an active methane producing seed at so• -55°C. 
of cornstalk flour, using an active seed, may have possibilities of being 
useful for the production of a residue having fertilizing properties similar 
to a compost. In addition, a fuel gas would be produced. 
2. Losses caused by screening and washing the residues remaining from 
the anaerobic fermentation of chopped cornstalks. 
This study was initiated to determine the percentage loss of con-
stituents caused by the screening and washing of the fermented corn-
stalks. 
A series of samples of chopped cornstalks was prepared and incu-
bated at 50° to 55°C. at the same time and in the same manner as the 
chopped cornstalk series described in the previous section. This series 
was an exact duplicate of the previous series, the only difference being 
that in the first series the entire sample, seed and residue, was evapor-
ated to dryness and analyzed, whereas in this series the seed was 
screened off (using a 1-mm. round-hole screen) from the chopped stalks 
and the stalk material washed three times with a total of one liter of 
TABLE 4. A compa:riscm of the total gas produced and of the amounts acc011nted for (by calculation) from the Cellulose and the 
Pentosans decomposed 
Cornstalk flour* 
_J Chopped cornstalks* 
Ratio gas as Ratio gas as 
Loss in Grams Gas in cc. measured : to Loss in Grams Gas in cc. measured : to 
Theoretical Theoretical Theoretical Theoretical 
yield calcu- yield calcu- yield calcu- yield calcu-
lated from lated from lated from lated from 
As pentosans and pentosans and As pentosans and pentosans and 
Pento- Cellu- meas- cellulose cellulose Pen to- Cellu- meas- cellulose cellulose 
Time sans lose used decomposed decomposed sans lose ured decomposed decomposed 
3 days I 5.40 4.77 8705 8549 1.018: 1.000 2.92 2.03 5020 4167 1.205: 1.000 
5 days I 6.10 5.50 10520 9750 1.079: 1.000 3.56 3.05 6835 5558 1.230: 1.000 
10 days I 6.43 6.14 12195 10662 1.144: 1.000 4.13 3.36 8950 I 6300 1.421: 1.000 
* 25 grams of material. 
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distilled water. The washed stalk material was then dried on a steam 
hot plate, ground to 30-mesh, and analyzed. 
The percentage losses of the various constituents in the stalk-seed 
mixture and in the washed and screened stalk material are presented in 
tables 3 and 6, respectively, and graphically in figure 4. In the mixture 
the losses recorded are actual biological decompositions, since the entire 
TABLE 5. Decomposition and gas production in seed control at 50° -55°C. 
Seed 
After fermenting for 
at Three• Five Ten 
start days days days 
Constituents Total solids 34.17 33.15 32.56 32.34 
present 
Volatile solids 22.65 21.95 21.67 21.31 in 
grams Pentosans 2.77 2.69 2.66 2.34 
Cellulose 4.28 4.12 4.07 3.95 
Lignin 9.68 9.58 9.52 9.52 
Percentage Total solids 2.98 4.71 5.36 
decrease 
Volatile solids 3.09 4.33 5.91 in 
constituents Pentosans 2.99 3.97 15.52 
Cellulose 3.73 4.90 7.71 
Lignin 1.03 1.65 1.65 
Gas Total 90 225 445 
produced 
Per gram vol. in cc. 
at 760 mm. solids lost 129 230 332 
and 60°F. 
• Using the initial, 5- days and 10-days values a graph was plotted and the 
values for the 3-day period were taken from this graph. 
mass was analyzed, while in the screened and washed stalk material part 
of the losses are not true decompositions but are due to the method of 
preparing the sample for analysis. In this study a procedure was follow-
ed that might be applicable in the fermentation of cornstalks for pulp 
production. 
The cellulose loss in the stalk-seed mixture ranged from 22 per cent 
after the 3rd day of fermentation to 36 per cent after the 10th day, while 
in the screened and washed materials the loss was 42 and 61 per cent for 
the same respective periods. It is probable that fine particles of cellulose 
were liberated from the chopped cornstalks and accumulated in the 
mixture and subsequently were lost in the screening and washing oper-
ations. 
The pentosan loss in the seed-mixture was 44 per cent and 58 per 
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cent, respectively, after 3 and 10 days of fermentation, and 42 and 63 
per cent in the screened and washed material for the same time periods. 
The lignin loss was 23 and 33 per cent, respectively, after 3 and 10 
days of fermentation of the seed-mixture samples. In the screened and 
washed stalk series the losses for the same respective periods were 31 
and 46 per cent. Lignin is not as readily decomposed by micro-organ-
TABLE 6. Effect of screening and washing the chopped cornstalk residue• 
Initial 
After fermenting for 
chopped Three Five Ten 
cornstalks days days days 
Constituents Total soli_ds 24.15 12.63 10.18 8.61 
present 
Volatile solids 22.35 12.30 9.94 8.41 in 
grams Pentosans 6.50 3.80 3.05 2.41 
Cellulose 8.43 4.85 4.02 3.28 
Lignin I 4.49 3.10 2.66 2.42 
Percentage Total solids 47.70 57.80 64.40 
decrease 
Volatile solids 44.95 62.45 in 55.50 
constituents Pentosans 41.50 53.00 62.95 
Cellulose (corrected) 42.45 52.40 61.05 
Lignin 30.95 40.80 46.10 
*Fermented at 50° -55°C. 
isms as are the other cornstalk constituents. In the process of fermen-
tation of the cellulose and pentosans, lignin particles are probably re-
leased and accumulate in the mixture. Evidently some of the lignin was 
lost in the process of screening and washing the fermented stalks. This 
probably accounts for the larger losses recorded in the screened and 
washed samples. This fact must be kept in mind in interpretation of 
data in studies on the fermentation of lignin by micro-organisms to pre-
vent drawing erroneous conclusions. 
3. Anaerobic decomposition of chopped and of ground cornstalks sub-
merged in water. 
This study was initiated to determine if an effective fermentation 
could be induced without the addition of an active seed. 
Series of samples of cornstalk fl.our and of chopped cornstalks were 
prepared as follows: 25-gram portions of the cornstalk material and 
1500 cc. of tap water were placed in two-quart mason jars, which were 
then closed, sealed, and connected to water seals as in the previous 
studies. The samples were incubated at 50° to 55°C. for 3-, 5-, and 10-
day periods. 
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Fig. 4. Effect of screening and washing on the chopped cornstalk residue after fer-
menting with a prepared seed. 
Gas production measurements and pH determinations were made 
daily. These results are presented in table 7. Very little gas was pro-
duced, 16.6 cc. and 20.9 cc. (per gram of volatile solids added), respec-
TABLE 7. Gas production from cornstalks submerged in water (a) at 50°-55°C. 
Fermentation I period in days 1 2 3 4 5 
Cornstalk flour 
cc. of gas• per 
gram vol. 
solids added ........ 6.2 10.4 lOk 12.4 
pH ............................ 6.2 6.1 6.2 6.0 6.0 
Chopped Cornstalks 
cc. of gas• per 
gram vol. 
solids added ........ 8.4 8.4 10.6 12.7 14.5 
pH ............................ 6.3 6.3 6.3 6.2 6.2 
(a) Corrected to 760 mm. pressure and 60°F . 
• Cumulative 
6 7 8 9 10 
12.4 14.5 14.5 14.5 16.6 
6.1 6.0 6.0 6.0 5.7 
14.5 16.7 16.7 16.7 20.9 
6.3 6.2 6.2 6.1 6.0 
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tively, for the cornstalk flour and chopped cornstalks after 10 days in-
cubation. In the cornstalk flour series the pH ranged between 6.0 and 
6.2 during the first 9 days dropped to pH 5.7 on the 10th day. In the 
chopped cornstalk series the pH ranged between 6.0 and 6.3 during the 
entire 10-day incubation period. 
The decomposition of the various constituents is shown in table 8 
for the cornstalk flour and in table 9 for the chopped cornstalks, and 
graphically in figure 5. The amount of breakdown of the various con-
stituents was rather slight in both the flour and chopped stalks. 
TABLE 8. Decomposition of cornstalk fl,our submerged in water 50° -55°C. 
Cornstalk 
After fermenting for 
flour Three Five Ten 
used days days days 
Constituents Total solids 23.65 23.47 22.83 22.81 
present 
Volatile solids 21.70 21.69 21.45 21.40 in 
grams Pentosans 7.12 6.93 6.88 6.57 
Cellulose 7.94 7.18 7.27 7.58 
Lignin 4.42 4.50 4.40 4.48 
Percentage Total solids 0.76 3.47 3.55 
decrease 
Volatile solids 0.01 1.15 1.38 in 
constituents Pentosans 2.66 3.37 7.72 
Cellulose 9.57 8.43 4.53 
Lignin +1.81 0.45 +l.36 
Gas Total 225 270 360 
produced 
Per gram cornstalk flour added 9.5 11.4 15.2 in cc. 
at 760 mm. Per gram volatile solids in corn-
and 60°F. 
stalk flour added 10.4 12.5 16.6 
Per gram vol. solids lost - 1080 1200 
The extent of decomposition of cellulose was 5 per cent and 11 per 
cent, respectively, for the cornstalk flour and chopped cornstalks after 
10 days of fermentation. 
The pentosan decomposition was 8 per cent and 11 per cent, re-
spectively, for the cornstalk flour and chopped cornstalks. 
No significant lignin losses were noted. The slight variations noted 
at times were within the limits of experimental error. 
The effect on the losses of the various constituents in the cornstalk 
flour resulting from filtering off the liquid and washing (at the end of 
the fermentation period) is shown in table 10 and graphically in figure 
6. A slight loss of lignin was noted. The pentosan and cellulose losses 
were 13 per cent and 10 per cent, respectively. 
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TABLE 9. Decomposition of chopped cln'Tl.Btalks submerged in water at 50°-55°C. 
Chopped After fermenting for 
cornstalks Three Five Ten 
used days days days 
Constituents Total solids 24.14 23.07 23.05 22.24 
present 
Volatile solids 21.32 21.03 21.10 19.78 in 
grams Pentosans 6.50 6.29 6.09 5.78 
Cellulose 8.43 7.98 8.03 7.51 
Lignin 4.49 4.54 4.49 4.48 
Percentage Total solids 4.43 4.51 7.87 
decrease Volatile solids 1.36 1.03 7.22 in 
constituents Pentosans 3.50 6.31 11.08 
Cellulose 5.34 4.74 10.92 
Lignin +uo 0.00 0.22 
Gas Total 225 320 455 
produced Per gram chopped cornstalks in cc. 
at760mm. added 9.3 13.3 18.8 
and 60°F. Per gram volatile solids in chop-
ped cornstalks added 10.5 15.0 21.4 
Per gram volatile solids lost 775 1452.0 296 
The effect on the losses of the various constituents in the chopped 
cornstalks resulting from screening and washing is shown in table 11 
INCUBATED AT 50°-55°C O e CHOPPED CORNSTALKS 
6ur--------------- -,l(.---)H;ORNSTALK FLOUR 
~50 
t-
u; 
~40t------------------------------I 
2: 
0 
~ 30 
0 
~20t------------------------------1 
w 
(J 
~ 1001J~-~---~Et--::-·i:----~--~---:;j-: ~dfi~J 1iiii ------ _____________ ,. 
2 4 5 6 7 a 9 ro rr 12 
TIME ELAPSED IN DAYS 
Fig. 5. Breakdown of cornstalk flour and of chopped cornstalks submerged in water 
at 50° -55°C. 
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TABLE 10. The effect <Yf filtering off and <Yf washing the cornstalk flour* 
Cornstalk 
After fermenting for 
flour Three Five Ten 
used days days days 
Constituents Total solids 23.65 22.28 21.30 20.33 
present 
Volatile solids 21.70 21.43 20.66 19.71 in 
grams Pentosans 7.12 6.82 6.42 6.16 
Cellulose 7.94 7.41 7.06 7.11 
Lignin 4.42 4.48 4.32 4.34 
Percentage Total solids S.79 9.93 14.02 
decrease 
Volatile solids in 1.24 4.79 9.19 
constituents Pentosans 4.21 9.82 13.49 
Cellulose 6.68 11.08 10.47 
Lignin +1.36 2.26 1.81 
•Submerged in water and fermented at so• -SS°C. 
+ Plus values indicate increases-probably caused by formation of nitrogen 
complexes. 
and graphically in figure 7. Increased losses in pentosans, cellulose, and 
lignin due to the screening and washing are indicated. The percentage 
losses for lignin, cellulose, and pentosans were 20, 19, and 21, respec-
tively. 
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Fig. 6. Effect of filtering and washing on the cornstalk flour residue after submerging 
in water at so· -55°C. 
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TABLE 11. Effect of BC'l'eening and washing the chopped cornstalks• 
Chopped 
After fermenting for 
cornstalks Three Five Ten 
used days days days 
Constituents Total solids 24.14 19.36 19.71 17.71 
present 
Volatile solids 21.32 18.89 19.01 16.71 in 
grams Pentosans 6.50 5.73 5.90 5.12 
Cellulose 8.43 7.80 7.86 6.89 
Lignin 4.49 4.18 4.00 3.60 
Percentage Total solids 19.80 18.35 26.65 
decrease Volatile solids in 11.40 10.88 21.65 
constituents Pentosans 11.85 9.23 21.25 
Cellulose 7.48 6.76 18.85 
Lignin 6.91 10.91 19.82 
•Submerged in water and fermented at 50° -55°C. 
SUMMARY AND CONCLUSIONS 
1. In the anaerobic decomposition at 50° to 55°C., using an active 
methane-producing seed, cornstalk flour fermented more rapidly than 
chopped cornstalks, producing 43 per cent more gas in the 10-day period. 
This gas consisted of 34 to 35 per cent carbon dioxide and 55 to 59 per 
cent methane. It may be possible to use the methane for production of 
INCUBATED AT 50°-55°C -+--+CHOPPED CORNSTALKS1 
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Fig. 7. Effect of screening and washing on the chopped cornstalk residue after fer-
menting without a prepared seed at 50° -55°C. 
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heat or power and the carbon dioxide for manufacture of "dry ice" or 
other products. 
2. In the cornstalk flour series about 98 per cent of the gas pro-
duced could be accounted for by the cellulose and pentosans decom-
posed for the 3-day period, 93 per cent for the 5-day period, and 87 per 
cent for the 10-day period. For the same periods in the chopped corn-
stalk series 83, 81, and 70 per cent of the gas produced could be account-
.ed for by the cellulose and pentosans decomposed. 
3. In the cornstalk flour series the cellulose and pentosan losses 
were considerably greater than in the chopped cornstalk series. In lthe 
latter series the lignin loss was greater than in the cornstalk flour series. 
4. By screening and washing the chopped cornstalk residues after 
fermentation periods of 3 and 5 days, the pentosan losses were not in-
creased. For the 10-day period the losses were slightly increased. For 
all periods the cellulose and lignin losses were increased by screening 
and washing. 
5. The incubation of cornstalk flour and chopped cornstalks, sub-
merged in water, showed only slight losses of the principal constituents. 
This procedure offers very little promise for use in pulp manufacture. 
6. More work will have to be done on the fermentation of chopped 
cornstalks, using an active methane seed, before definite conclusions 
can be drawn regarding its adaptability to the production of pulp. 
7. Comparing the results of the anaerobic fermentation of corn-
stalks at 50° to 55°C. with those at 28° to 30°C. (22), the following 
points are of particular interest: At the higher temperature the rates 
of cellulose and pentosan decomposition were higher, the lignin loss was 
slightly higher, and the rate of gasification was greater, but the total 
amount of gas produced was about the same as at 28° to 30°C. At 50° 
to 55°C. in both the cornstalk flour and chopped cornstalks, the pen-
tosans were fermented at a higher rate than was the cellulose; the re-
verse was true at the lower temperature. 
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Antoniani (1933) demonstrated that Escherichia coli attacks phospho-
glyceric acid. Later Tikka (1935) proposed a scheme of dissimilation of 
glucose in which the Embden-Meyerhof-Parnas reactions for yeast (Mey-
erhof and Kiessling, 1934) were adapted to E. coli. Hexosediphosphate, 
triosephosphate, a-glycerophosphate and phosphoglyceric acid were in-
cluded as intermediates. Tikka failed in his attempts to isolate any of the 
proposed intermediates. All, with the exception of triosephosphate, were 
shown to be dissimilated by the bacteria. Stone and W erkman (1936) 
have since reported the isolation of phosphoglyceric acid from E. coli and 
Aerobacter indologenes as well as from a number of other bacteria (1937). 
Werkman et al. (1937) have shown that Propionibacterium pentosa-
ceum will break down phosphoglyceric acid and hexosediphosphate quite 
rapidly, but prefers glucose under the conditions. Furthermore, these 
organisms appear to maintain normal growth in 0.02 M sodium fluoride-
a concentration sufficient to block almost completely the dissimilation of 
the phosphate esters used. The authors suggest that the propionic acid 
bacteria possess at least two mechanisms of glycolysis. 
The present investigation undertakes a study of the dissimilation by E. 
coli of two phosphate esters in the presence and absence of glucose; and 
also to determine the effect of sodium fluoride on the dissimilation. 
EXPERIMENTAL 
An experimental setup similar to that described by W erkman et al. 
(1937) was used to determine the effect of glucose and fluoride on the 
breakdown of phosphate esters. The fermentations were conducted in 
large test tubes; the medium consisted of 0.4 per cent yeast extract, 0.5 
per cent glucose and a trace of dipotassium phosphate. The solution of 
phosphoglyceric acid was prepared from the barium salt by precipitation 
with sodium sulfate; the hexosediphosphate solution was similarly pre-
pared from the calcium salt by precipitation with sodium oxalate. The 
esters were sterilized by Seitz filtration, and added aseptically to the 
medium in the fermentation tubes in concentrations approximating 1 per 
cent. The tubes were inoculated with a dilute suspension of organisms 
that had been centrifuged from a broth culture and resuspended in 
distilled water. Each tube received approximately the number of 
orga·nisms contained in 1 ml. of broth culture, and the volume was 
[253] 
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made up to 20 ml. by the addition of sterile water. The cultures were 
incubated at 30° C., and the course of the fermentation was followed by 
determining glucose and inorganic phosphate at stated intervals. Glucose 
was determined by the method of Stiles, Peterson and Fred (1926) and 
phosphate by the colorimetric method of Kuttner and Lichtenstein (1930). 
The release of inorganic phosphate to the medium from the phosphate 
esters was regarded as utilization of the ester for the purpose of this work. 
The solutions of phosphate esters used in the. experiments for quanti-
tative analysis were prepared as described above. After sterilization by 
Seitz filtration, the solutions were added aseptically to the autoclaved 
media. The concentration of the phosphate esters in the solutions used, 
was estimated by the method of total carbon determination of Osburn 
and Werkman (1932). Samples were also removed from the fermentation 
solution immediately after inoculation and at the end of the fermentation 
to check the organic phosphate content. Inoculations were made with day 
old growth washed from an agar slant with a few ml. of sterile water. 
Carbon dioxide was determined either gravimetrically or volumet-
rically by collecting in a definite volume of approximately molar standard 
alkali. 
Hydrogen was determined by measuring the volume of gas collected 
in the bottles which held the alkali for carbon dioxide absorption. 
Ethyl alcohol was determined on the neutral volatile fraction of an 
aliquot of the fermentation liquor by the method of Stahly, Osburn and 
Werkman (1934). This distillate, obtained by alkaline distillation, must 
be examined for acetylmethylcarbinol and the proper correction applied 
to the alcohol value. Each mole of acetylmethylcarbinol yields two moles 
of acetic acid in the alcohol oxidation. 
Volatile acids were determined by acidifying the residue from the 
neutral volatile distillation to congo red with concentrated H2S04 , and 
collecting twelve volumes of steam distillate from a constant volume of 
25 ml. Before acidifying the residue, it was necessary to remove about 
six volumes with steam to remove all the acetylmethylcarbinol which in-
terferred with the formic acid determination. To avoid interference of 
hydrofluoric acid in the determination of volatile acids, the distillate was 
neutralized with calcium hydroxide, evaporated to a low volume and 
filtered. Calcium fluoride is insoluble and was removed. Acidifying and 
redistilling gave an acid distillate suitable for the determination of volatile 
acids. Formic acid was determined by the method of Auerback and Zeglin 
(1922) and the difference between it and the total volatile acidity repre-
sented acetic acid. 
Acetylmethylcarbinol was determined by steam distilling a sample of 
25 or 50 ml. of the medium at a constant volume of 25 ml. until six volumes 
of distillate were collected. An aliquot of the distillate was examined for 
acetylmethylcarbinol by the iodoform titration of Messinger as described 
by Goodwin (1920) using an ice bath to prevent the alkaline iodine from 
reacting with ethyl alcohol. 
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2,3-Butylene glycol was determined by the method of Brockmann 
and Werkman (1933). 
RESULTS AND DISCUSSION 
The results of the dissimilation of phosphoglyceric acid and hexosedi-
phosphate in the presence of glucose and fluoride are shown in table 1. It 
is apparent the the presence of fluoride markedly diminished the rate of 
utilization of glucose. On the other hand, the presence of a phosphate 
ester seemed to exert a stimulating effect in the absence of fluoride. The 
figures for glucose, when hexosediphosphate is present, are high by an 
amount approximating 2.5 mg. per ml. at the beginning of the experiment 
owing to the reducing action of the hexosediphosphate on the reagents 
used to determine glucose. Phosphoglyceric acid was only slowly utilized 
as compared to glucose, and the presence of fluoride markedly diminished 
the rate of utilization. Hexosediphosphate was almost completely utilized, 
as indicated by the large amount of phosphate liberated, as well as the 
disappearance of reducing sugar. In the presence of fluoride, however, the 
utilization of this ester was stikingly inhibited as shown by comparing the 
inorganic phosphate for the 2 and the 4 day periods. After the utilization 
of glucose was practically complete (i.e., substantially at 2.5 mg. per ml. 
due to hexosediphosphate), the hexose ester was attacked, even in the 
presence of fluoride. After 8 days' incubation, the remaining solution in 
the tube containing hexosediphosphate and fluoride was analyzed for any 
phosphoglyceric acid present, using the method outlined previously 
(Stone and Werkman, 1936). Twenty mg. of the crude barium salt were 
obtained from about 12 ml. of medium. The salt was characterized by 
microscopic examination of crystals and solubility in 0.05 N HCL, and 
alcohol. 
Similar experiments carried out in the absence of glucose (table 2) 
show that phosphoglyceric acid was not appreciably attacked either in the 
presence or absence of fluoride. There was little growth in these tubes, 
compared to those containing hexosediphosphate. The hexose ester alone 
was rapidly dissimilated but as in the previous experiment, fluoride 
greatly inhibited the breakdown. 
In the presence of .02 M NaF, which is enough to block almost com-
pletely the kinetics of the Embden-Meyerhof-Parnas scheme, glucose was 
fermented to final products which are qualitatively the same as in a 
normal fermentation of glucose (table 3). The yields of carbon dioxide 
and hydrogen are lower than normal, while the yields of formic and 
acetic acids are correspondingly increased. This may be the result of 
the fact that the rate of fermentation in the presence of fluoride, was re-
duced so that only about 75 per cent of the sugar added was broken 
down. On the other hand, it may be due to a specific poisoning of the 
formic dehydrogenase by NaF. Acetic acid, which in the Aerobacter 
fermentation normally displays the characteristics of an intermediate 
TABLE 1. Dissimila.tion of phosphoglyceric acid and hexosedipliosphate in combination with glucose and NaF by A. indologenes 
Medium: 0.5 per cent glucose, 0.4 per cent Difeo yeast extract 
Quantities expressed in mg. per ml. 
PGA PGA HDP 
Control NaF 0.02 M concentration NaF 0.02 M HDP NaF 0.02 M 
Time in 
days Glucose lnorg. P Glucose Inorg. P Glucose Inorg.P Glucose Inorg. P Glucose Inorg. P Glucose Inorg. P 
mg. mg. mg. mg. mg. mg. mg. mg. mg. mg. mg. mg. 
0 5.1 ,075 5.0 .074 5.4 .072 5.4 .067 7.4 .140 7.5 .143 
Y2 2.5 .066 4.1 .069 0.7 .068 2.8 .060 2.8 .289 5.3 .177 
1 0.7 .059 4.1 .065 0.3 .071 2.4 .050 2.0 .69 4.8 .201 
2 0.6 .066 3.9 .061 0.6 .129 1.6 .063 0.7 1.38 4.0 .210 
4 0.3 .077 3.0 .059 0.7 .314 0.3 .083 0.8 1.45 3.0 .380 
8 0.4 .o75 2.7 .052 0.6 .620 0.4 .310 0.3 1.40 0.9 1.050 
Total P 
mg. .090 .085 1.80 1.81 1.48 1.50 
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compound (Reynolds and W erkman, 1936) , was also abnormally high 
with, consequently, a lower yield of 2, 3-butylene glycol. 
When the phosphoglyceric acid was fermented in the presence of glu-
cose, increases were noted in carbon dioxide, hydrogen, acetic acid and 
alcohol. It appeared as though the organisms first attacked the glucose, 
then slowly proceeded to ferment the phosphoglyceric acid. 
Hexosediphosphate was fermented apparently as rapidly as glucose 
TABLE 2. Dissimilation of phosphoglyceric acid and hexosediphosphate by A . 
indologenes 
Time in 
days 
0 
1h 
1 
2 
4 
8 
Total P 
mg. 1 ml. 
Medium: 0.4 per cent Difeo yeast extract 
Inorganic phosphate as mg. per ml. 
PGA PGA HDP 
1 per cent NaF 0.02 M 1 per cent 
.067 .070 .130 
.071 .072 .405 
.068 .066 1.02 
.072 .085 1.36 
.103 .099 1.39 
.157 .131 1.42 
1.84 1.86 1.46 
HDP 
NaF 0.02 M 
.144 
.184 
.201 
.249 
.461 
.731 
1.48 
itself. The products were qualitatively the same as those from glucose but 
some quantitative differences are apparent, especially in 2, 3-butylene 
glycol, ethyl alcohol and acetic acid, the glycol yield being less than usual, 
and resulting apparently in an increase in the other two products. 
A. indologenes prefers glucose to phosphoglyceric acid or hexosedi-
phosphate. When both esters are present most of the sugar is utilized be-
fore any marked release of inorganic phosphate occurs. In concentrations 
of 0.02 M fluoride, the breakdown of glucose is noticeably inhibited; on the 
other hand, the dissimilation of phosphoglyceric acid and hexosediphos-
phate was not blocked completely as might be expected. It is quite possible 
that in the presence of flouride, the bacterial phosphatases are removing 
phosphate directly from the esters without involving the intermediary con-
version to phosphopyruvic acid. According to Meyerhof and Kiessling, this 
reaction in undialyzed yeast is almost completely inhibited by 0.02 M 
fluoride. The fact, that phosphoglyceric acid could be isolated from the 
fermentation containing the hexose ester, indicates the enzymes of the 
Embden-Meyerhof-Parnas reactions are present but blocked at phos-
phoglyceric acid by fluoride. A similar inhibition occurs with the pro-
pionic acid bacteria. The ability of A. indologenes to grow and produce 
normal products in the presence of fluoride concentrations as high as Cf.04 
or even 0.10 molar, presents strong evidence that these organisms do not 
TABLE 3. Dissimilation of glucose, glucose + 0.02 M NaF, glucose + phosphoglyceric acid and hexosediphosphoric acid by A. 
indologenes 
Medium: 2 per cent glucose, 0.1 per cent (NlL)JIPO,, 0.5 per cent NaHCO, volume 300 cc. 
Products per lOOmM of fermented glucose 
Acetyl- 2, 3- Ethyl mM Phos- Final O/ R Percent-
methyl- Buty- alco- phogly- pH age 
Acetic Formic Lactic car- lene- hol eerie carbon 
Substrate co. H, acid acid acid binol glycol acid 
Glucose 173.00 60.05 2.74 8.70 5.68 4.15 56.20 57.50 6.7 1.03 93.7 
Glucose 
+ PGA 189.50 68.40 15.62 25.43 3.81 0.68 57.00 76.40 23.83 7.0 1.03 95.5 
Glucose 
+ NaF 133.20 33.80 28.00 42.50 3.44 6.16 39.60 76.00 6.5 .977 96.4 
Hexosedi-
phosphate 
alone 178.5 68.00 17.10 3.36 4.56 6.10 24.95 90.70 6.1 1.07 89.1 
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necessarily require the Embden-Meyerhof-Parnas mechanism to obtain 
their growth energy. Furthermore, the preference shown for glucose as 
a substrate when hexosediphosphate or phosphoglyceric acid is present, 
indicates that reactions involving these compounds may be of secondary 
importance in glycolysis by the living cell. It must not be overlooked, 
however, that the presence of these esters seems to exert a stimulative 
effect on the utilization of glucose, and it is quite possible that they may 
have a primary role in cell metabolism, even if they are not necessarily 
present as intermediates. 
SUMMARY 
The presence of phosphoglyceric acid and hexosediphosphate exerted 
a stimulating effect on the utilization of glucose by A. indologenes. 
Sodium fluoride (0.02 M) diminished the rate of utilization of glucose 
and strongly inhibited the utilization of the phosphate esters in the pres-
ence of glucose. 
In the absence of glucose, phosphoglyceric acid was not attacked ap-
preciably, either in the absence or presence of sodium fluoride. 
Glucose was fermented to normal final products in the presence of 
0.02 M NaF by A. indologenes. 
Hexosediphosphate was readily fermented to the same products as 
glucose. 
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1. Introduction. The object of the present paper is to show how the 
differential equation 
02V (x,z) oV (x,z) 
z + (n + xz + 1) + n X V (x,z) = 0 
oz2 oz 
affords a novel basis for the unification of theories about general differ-
entiation and integration. This equation also includes the formal theory 
of the logarithmic operator first introduced by V. Volterra in the study 
of integral equations with kernels of the form 
K (x,t) = A log2 (x-t) +Blog (x-t) +c. 
The concept of a fractional operator was first used by Leibnitz, soon 
after the discovery of the calculus, who considered the meaning to be 
dly 
attached to such operators as-- . This idea was later developed, more 
dxl 
or less independently, by P. S. Laplace, N. H. Abel, J. Fourier, J . Liou-
ville, G.F.B. Riemann, H. Laurent, 0. Heaviside, and others. Unfor-
tunately, there was not a unique definition of the operator, and the gen-
eralizations of Abel and Riemann were in apparent disagreement with 
those of Liouville. This discouraging situation led many to abandon the 
use of fractional operators, and A. De Morgan in his famous Calculus 
published in 1842 regarded the matter as being in confusion. 
The ambiguities noted by De Morgan, however, were removed by 
the researches of Laurent,* who approached the matter from the stand-
point of the Cauchy formula 
n! 1 u(t) 
u <n> (x) =-- dt . 
2:n:i (x-t) n+l 
0 
If C is a closed path about x in the finite plane, if n is an integer, and 
if u(t) is an analytic function within the region enclosed by C, then we 
obtain the ordinary theory. But if n is a fraction, then the plane must be 
cut from x to infinity and C must be a path which does not cross this cut. 
Specialization of this path leads on the one hand to the definition of Liou-
ville, and on the other to that of Abel-Riemann. It is the definition of the 
latter to which the results of this paper refer. 
•Laurent, H., Sur le calcul des derivees a indices quelconques, Nouvelles annales, 
vol. 3, series 3, 1884, pp. 240-252. 
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2. Definitions. In order to attain a symbolic statement of the prob-
lem we shall introduce the operational symbol z-1, which is defined by 
the following identity: 
z-1 ~u(x) =i~(t) dt 
where the symbol ~ means that the operator preceding the symbol op-
erates upon the function following it. 
If the function u (x) possesses a Taylor's expansion about the point 
t = x, then we may write u (t) symbolically in the form 
(t-x)2z2 
u(t) = [1 + (t-x)z + + ............ ]~u(x) = e<t-xJz~ u(x) 
2! 
where z, z2 , z8 , •••••••• , are the first, second, third, ....... ., derivatives of u (x). 
Introducing this symbol into the preceding integral, we obtain 
z-1 ~ u (x) == i ;<t-x>z dt ~ u (x) = i ~-sz ds ~ u (x) . 
It is obvious that the right hand symbol is equivalent to the left hand 
symbol when the function u (x) possesses a Taylor's expansion about the 
point t = x. The discussion is thus restricted to this class of functions, 
although some of the formal results which are obtained may be extended 
to a broader class of functions. 
In general, we have 
f.x f.x f.x e<t-x)z x-t) n-1 z-n~u(x) = ........ ... u(t)dtn= ( dt ~ u(x) (n-1)! 
0 0 0 
f. : -sz sn-1 = 
0 
(n- l) ! ds ~ u (x) , 
where the simple integral replaces the n-fold one by a well-known for-
mula of integral equations.** The operators 
. !. ~-sz sn-1 
z-n and ds (n- 1) ! 
0 
are called equivalent. The function defined by this integral will be desig-
nated by the symbol Qn (x,z) , that is, 
f. : n-1 e-•z Qn (x,z) = o (n-1) ! ds. 
••Michell and Belz, Mathematical analysis, 2: 586, formula (10). 
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3. Derivati<Yn of the differential equati<Yn. A first partial Z differ-
entiation of the function Qn (x,z) gives 
o~(x,z) 
oz 
and a second gives 
02Qn (x,z) -1~n+le-•• 
oz2 - (n-1) !ds. 
0 
From the last three equations we readily obtain 
(1) 0
2Qn (x,z) o~ (x,z) 
z + (n + xz + 1) + nxQ0 {x,z) 
oz2 oz l x e-•• = [zs0 +1-(n+xz+l)s0 + nxs0 - 1] ds. 
. (n-1) ! 
0 
The integration of the first term of the integral by parts twice and 
the second term by parts once reduces the right hand member of the 
equation (1) to zero. 
Hence we have a partial differential equation 
02Vn (x,z) oVn (x,z) 
z + (n+xz+l) +nxVo (x,z) =0 
oz2 oz 
(2) 
which has the function, Q0 (x,z), as a solution. By substitution, z-0 is 
found to be a second solution. 
The equation (2) has been derived under the assumption that the para-
meter n is an integer. However we shall discuss this question for all 
values of the parameter. 
4. Solutions of the equation. It is easily shown that the functions 
l :n-te-•• z-0 and ds r(n) 
0 
are formal solutions*** of equation (2) for all n except the negative 
integers. 
• •• These solution functions are the ordinary generalized integration operators 
defined by H. T. Davis in "A Survey for the Inversion of Integrals of Volterra Type" 
p. 32, Indiana University Studies, No. 76-77, and in "The Theory of the Volterra 
Integral Equation of Second Kind," Indiana University Studies Nos. 88-89-90. 
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In this case these solution functions reduce to zn and 
m+n om+l lx(x-t) -ne(t-:l<)z (m=0,1,2 ........ ),0<n<l 
cDx =~ (- ) dt. -[ ] Ux r n m- n, 
0 
and are identical with the generalized differentiation operator as defined 
by Davis in the articles previo~sly cited. 
We obtain another useful form of the operator Qn (x,z), from the 
equation (2) by replacing n by -a, and solving the resulting equation, 
02Ua (x,z) ou .. (x,z) 
z + (-a+ xz + 1) - axu4 (x,z) = 0 a>O 
oz2 oz 
(3) 
in series form. 
The equation (3) becomes 
(82 - (a - xz)(J - axz) u .. (x,z) = 0 
where (J is z~ . The indicial equation 
oz 
Q2 - ClQ = 0 
has the roots 0 and a . Thus the series solutions of equation (3) are 
xii 
u1 (x,z) =zu ; u2 (x,z) = ----
r (-a) 
00 
~ (-l) •x•z• £,,.-----,a# 1, 2, 3 ... (a-s)s! 8=0 
according as Q = a or 0. 
When a is a positive integer, the second solution must be modified. 
It is obtained by the usual method employed when the roots of the 
indicial equation differ by integers. The solution, namely, 
(4) u2(x,z) =I(-1)·[~ s-2a -~2..+logs)]x•z• ( a-s) s! a (s-a) n S= O n = l 
introduces the logarithmic operator. 
5. Logarithmic operators. The logarithmic operator, z-n log z, ap-
pears first in the works of V. Volterra. tt It satisfies the partial differ-
ential equation 
(5) 
02Vn (x,z) OVn (x,z) n Vn (x,z) 
z + (n+xz+l) +nxvn (x,z) + (x - -) = 0 
OZ2 oz z log z 
---
ttVolterra, Vito, Le!;ons sur la composition et les fonctions permutables. (1924) 
Gauthier- Villars et Cle. 
where 
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oVn(x,z) 
Vn (x,z) = - ----
on 
265 
The differential equation (5) was obtained by differentiating each 
member of equation (2) partially with respect to n and making the pre-
ceding substitution. 
Instead of obtaining the logarithmic operator from equation (5) it 
will be obtained in the following manner. The differentiation of each 
member of the operational identity 
(6) 
with respect to n gives 
(7) 1x sn-1 e-•z z-n log z == ['11 (n) - logs] I' (n) ds 
I'' (n) 
where 'II (n) is the function --- . 
I' (n) 
Hence the logarithmic operator may be defined as 1x sn-1 e-•• lim z-n log z = log z = llm [ '11 (n) - logs] ds 
n_,.o n~o I' (n) · 
0 
Example 1. Consider the operation log z-?>f (x). 
Starting with the relation (7), letting e-•4f (x), using the relation 
+ (n+l) - '11 (n) = 1/ n, integrating, and expressing in operational form, 
we obtain 
(8) 
r• log z-;f (x) = ( + (n + 1) - log s) z-"->f (x) + 1 '= Q • ., ( x,z) dx-;f (x) 
Letting n-?>0 in each member of equation (8), we obtain 
(9) log z -;f (x) = (-C-log x) I (x) + 1'= Q, (x,z)dx-;f (x) 
since+ (1) = -C, and where C is Euler's constant 0.577215-----. 
If f (x) = 1, equation (9) becomes 
log Z --?> 1 = -C - log x, 
which agrees with the result obtained by Davis.ttt 
ttt Davis, H. T., Theory of linear operators, p. 78. Principia Press. 
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The operator inverse to z-n log z will be obtained formally by inte-
grating z-µ+n with respect to µfrom zero to infinity. Thus 
(10) 
f 00 zn 1 xf 00s,,. e-•z zn+l oz-<µ+l>dµ l_o_g _z = zn+l o o_I'_(_µ_+_l_), dµ ds. 
Example 2. Solve the integral equation 
f (x) = /o(Iog s + C) u (s) ds 
In operational form the equation (10) is 
f (x) = -z-1 log z~u (x), 
(f(O) =0) . 
and therefore 
z lx l~"'f(x-s) 
u(x) = - Log z ~f (x) = - z2 
0 
I'(µ+l) dµ ds. 
From the foregoing analysis we see that a powerful instrument for 
the unification of theories about the fractional operator, its derivative 
symbol z-n log z, and other similar operators derived by various opera-
tions on the parameter n, is furnished by the differential equation (2) . 
As Leibnitz once remarked about operational processes, there are doubt-
less other things hidden here. 
INSECTS AS VECTORS OF YELLOW DWARF, A VIRUS 
DISEASE OF ONIONS1 
H. D. TATE' I 
From the Section of Entomology and Economic Zoology, 
Iowa Agricultural Experiment Station 
Received January 10, 1940 
In the spring of 1927 commercial onion growers in eastern Iowa be-
came greatly alarmed over a malady which was causing serious losses to 
the onion crop. An investigation revealed the presence of an unknown 
disease. During the succeeding year (1928) the infection attained 
epiphytotic proportions, 30 to 40 per cent of the commercial plantings 
of the district being affected and in some fields more than 90 per cent of 
the plants became diseased. How and when it reached this territory is 
not definitely known. Information obtained from growers and others in-
terested in onion production in this area indicates, however, that the 
disease probably had been present for a period of several years but un-
noticed because of its relatively mild proportions. 
The symptoms of the disease, the lack of any constantly associated 
organism, and a demonstration of its transmissibility indicated that the 
causal agent was a virus. The writer was employed by the Entomology 
and Economic Zoology Section of the Iowa Agricultural Experiment Sta-
tion to study the entomological aspects of the problem, with reference to 
the part played by insects in the natural dissemination of the disease. 
These investigations were conducted during the period 1931 to 1935 
under field conditions in the Pleasant Valley onion growing district and 
in the greenhouse and experimental fields at Ames. 
REVIEW OF LITERATURE 
The disease was first described and referred to as "yellow dwarf" by 
Melhus et. al. (1928) and evidence of its virus nature was presented. 
That onion yellow dwarf can be transmitted by insects was first demon-
strated by Drake, Harris, and Tate (1932). In succeeding publications 
(1933 and 1934) these workers presented evidence to show that the 
disease can be transmitted by a large number of different species of aphids 
1 Journal Paper No. J-718 of the Iowa Agricultural Experiment Station, Ames, 
Iowa. Project No. 135. · 
• Condensed from a thesis presented in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy in the Graduate School of Iowa State College, 
August, 1936. 
1 Grateful acknowledgement is made to Dr. C. J. Drake, under whose direction 
these studies were conducted, for valuable suggestions, advice and assistance; to Dr. 
H. M. Harris for valuable advice and assistance throughout the course of the investi-
gations; to Messrs. R. M. Jones and L. H. Shropshire who conducted the initial 
phases of the project, and to other staff members of the Department of Zoology and 
Entomology, Iowa State College. 
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but they were unable to secure transmission with any other group of 
insects. A bulletin pertaining to the phytopathological phases of the 
disease in Iowa has been published by· Henderson (1935). 
In the "Plant Disease Reporter" for 1918 a mosaic of onions was 
reported as having been observed in West Virginia during the previous 
year (1917). During the succeeding year (1918) the disease caused a 
moderate amount of damage in two counties. In the same publication 
for 1929 it was stated that the disease is now considered as being identical 
with that occurring in Iowa. 
According to Bremer (1929 and 1937) there is in Germany a disease 
of onions, referred to as "Gelbstreifigkeit", which is characterized by a 
"drooping, crinkling, and yellowing of the leaves associated with meta-
bolic disturbances leading to a reduction of bulb and seed formation". 
This disease appears to be quite similar, if not identical, to that which 
occurs in Iowa. 
Blattny (1930) has reported a disease of onions, referred to as onion 
yellows, in Central Europe (Czecho-Slovakia) which also appears to be 
similar to onion yellow dwarf. Henderson (1935) reported that speci-
mens of yellow dwarf diseased plants had been collected both in Minne-
sota and California. 
DESCRIPTION OF THE DISEASE 
The initial symptoms of the disease, on plants grown from infected 
bulbs, are evident as chlorotic streaks or blotches only slightly lighter in 
color than the surrounding normal appearing green tissue and suggest a 
mosaic type of disease. As growth continues chlorosis becomes more 
pronounced and the spots elongated, thus producing a somewhat streaked 
appearance. Under some conditions, particularly in more nearly mature 
plants, a general chlorosis may develop in the affected parts. In advanced 
cases the plants are severely stunted, the leaves crinkled, flat and often 
drooped with the tips touching the ground. 
Plants which become infected during the current season develop the 
first disease symptoms on the central or younger leaves 5 to 12 days after 
inoculation in the form of yellowish blotches or abbreviated streaks, 
which are irregular in outline, and give the affected leaves, in general 
appearance, a mild mosaic pattern. In advanced stages there is a more 
or less pronounced streaking and chlorosis may gradually become sys-
temic in the above ground portions of the plant. The degree of stunting 
and amount of injury to the current growth varies considerably with the 
stage of growth of the plant at the time of infection, being more pro-
nounced when infection occurs early. 
On flower stems the disease first becomes apparent as more or less 
elongated streaks or blotches extending from the base upward. As the 
disease progresses the streaks coalesce, thus producing a general chlorotic 
appearance. In advanced stages the flower stem becomes twisted and 
curled and fails to produce a normal seed crop. 
Plants which are fairly mature at the time of infection suffer little 
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damage during the current season and may or may not show any evi-
dence of the disease but, if such bulbs are planted the following season, 
there will be a marked reduction in yield and the quality of an inferior 
grade. 
Masking of symptoms is of common occurrence, particularly under 
unfavorable conditions of growth and in plants which are fairly mature 
at the time of infection. 
PRELIMINARY STUDIES OF INSECT TRANSMISSION 
Because of the similarity of yellow dwarf of onions to certain insect-
borne diseases of other plants, such as sugar cane mosaic, aster yellow 
and others, it seemed logical to suspect that insects were responible for 
it natural dissemination. A survey of the insect pests attacking onions in 
Iowa, including both primary and secondary forms, was made in an 
effort to determine which ones might be involved in spreading the disease. 
For many years the onion thrips, Thrips tabaci Lind. has been a more or 
less serious onion pest in Iowa. The tarnished plant bug, Lygus pratensis 
L. was found to be fairly abundant during certain seasons as were also 
several species of leaf hoppers, including Cicadula sexnotata Fall, Delto-
cephalus inimicus Say and Empoasca fabae Harris. 
In addition, the bulb mite, Rhizoglyphus hyacinthi Boisd., the im-
ported onion maggot, Hylemyia antiqua Meig., the black onion fly, Tritoxa 
flexa Wied., the seed corn maggot, Hylemuia cilicrura Rond., the barred 
wing onion fly, Chaetopsis aenea Wied., the lesser bulb flies, Eumerus 
strigatus Fall, and E. tuberculatus Fall and a number of other Dipterous 
maggots of secondary importance, were known to occur occasionally in 
considerable abundance. 
In order to test the possibility of insect transmission a number of 
experiments were undertaken. In these tests either the Red Globe or 
Yellow Bottleneck varieties of onions, which were the most common 
commercial varieties grown in the Pleasant Valley district, were used 
as experimental plants. 
EXPERIMENTS WITH THE ONION THRIPS, THRIPS TABACI LIND. 
In view of the fact that the onion thrips, T. tabaci, was the most 
abundant and widely distributed insect pest of onions in Iowa, it was 
regarded with suspicion and it seemed advisable to investigate thoroughly 
the possibility of its serving as a vector of the yellow dwarf virus. For 
conducting the inoculation tests, which extended more or less interrupt-
edly over a period of four years, various types of cages and procedures 
were employed. 
In one series of tests an insect proof cage ( 4'x4'x6') , in which air 
circulation was obtained by means of an electric fan, was used to confine 
the thrips. Nymphs of T. tabaci were transferred to diseased onion plants 
within the cage and these served as the initial stock supply. After these 
had increased to the point of a fairly heavy infestation by breeding on 
diseased onion, healthy sets, from which all insects had been removed 
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by sterilization methods, were planted in the cage. These plants were 
left in the infection cage for a period of approximately 7 days, after 
new growth had started, and then removed to a more favorable growing 
environment in an "insect free" room of the greenhouse and examined 
daily over a period of 40 to 50 days for the development of yellow 
dwarf symptoms. These tests which included 212 plants resulted in no 
successful virus transmissions. 
Similar experiments were conducted in which diseased onion plants 
growing in the cages were permitted to become infected with thrips and, 
after a heavy population had developed, healthy sets were planted in the 
cages alongside the thrips infested diseased plants and there grown to 
maturity. By this method approximately 500 healthy plants were ex-
posed but no transmissions occurred. 
The bulbs of 200 plants which were exposed to thrips in the above 
experiments and then grown to maturity were planted in the greenhouse 
the following season to determine if disease symptoms might develop 
during the second growth period. All of these remained healthy. 
During the winter months (Feb., March, and April) of 1932 an 
experiment was conducted in which an "insect proof" compartment of 
the greenhouse was used as the experimental cage. Diseased bulbs were 
planted at weekly intervals in the soil benches and allowed to become 
heavily infested with onion thrips, which had been reared for two or 
more generations on diseased onions. Approximately 2500 healthy 
bulbs were then planted among the diseased plants so that there would 
be an opportunity for the thrips to migrate in a normal manner from 
diseased to healthy plants. The healthy plants soon became heavily in-
fested with thrips but no yellow dwarf symptoms developed during the 
3 months that they were kept under observation. Approximately 500 
of these bulbs were regrown the following fall but no evidence of trans-
mission was obtained. Duplicate series of experiments, including more 
than 1000 plants, about half of which were carried through a second 
growth period, were later conducted but with negative results. 
A number of other types of "insect proof" cages which it is not 
thought necessary to describe at this time were employed. A total of 
more than 3500 plants were exposed to nymphs and adults of T. tabaci 
which had fed for 2 or more successive generations on diseased onion but 
no successful transmissions were obtained. 
These negative results together with confirmatory field evidence 
indicate that T. tabaci is unable to transmit the virus of onion yellow 
dwarf from diseased to healthy plants. 
EXPERIMENTS WITH LEAFHOPPERS 
Although there were no species of leafhoppers which were known 
normally to breed on the onion plant or feed on it to any appreciable 
extent in Iowa, field observations showed that certain species such as 
Cicadula sexnotata (Fall.), Deltocephalus inimicus (Say), Empoasca 
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fabae (Harris) and others often could be found in onion fields in con-
siderable numbers. 
In June 1931 a series of experiments were conducted with C. sex-
notata. Approximately one-fourth of an acre of land located about 2 
miles from the infected area was obtained for use in transmission studies. 
Set onions produced in disease free areas were planted at frequent in-
tervals to insure a constant supply of susceptible host plants in the most 
desirable stage of growth. Large numbers of leafhoppers were collected 
3 to 5 times each week for several weeks, either in onion fields or nearby 
in the infected area, and confined on diseased onion plants for varying 
intervals of time ranging from 1 to 4 days. 
In some of the experiments the leafhoppers were removed from the 
diseased plants and caged directly on healthy ones in the experimental 
plots. In others, they were caged on their normal host plants, after being 
confined on diseased plants, for varying periods of time up to 11 days 
and then transferred to healthy onions. The cages usually remained 
over the experimental plants until all insects had perished, which was 
ordinarily 4 or 5 days, but in case any were still alive at this time they 
were destroyed either by hand or by means of sprays in order to prevent 
chance inoculation. A total of 340 plants were exposed to C. sexnotata in 
this manner. None were visibly infected at the time of harvesting the 
bulbs during the early part of July (1931). 
Parallel experiments involving 205 plants were conducted with D. 
inimicus but, likewise, the results were negative. 
All of the plants exposed to the two species of leafhoppers mentioned 
above were brought to Ames and regrown during the following Decem-
ber (1931) in the greenhouse in order to determine if yellow dwarf 
symptoms might develop during the second growth period. All results 
were negative. 
Somewhat similar experiments were conducted with C. sexnotata 
during July, August, and September, 1931 in the experimental plots at 
Ames. Altogether 212 healthy onion plants were exposed to leafhoppers, 
which had previously fed on diseased onion, with negative results. These 
plants also were harvested and regrown in the greenhouse during the 
following winter months but none of them developed yellow dwarf 
symptoms. 
During the fall and winter of 1931-32 the leafhopper C. sexnotata was 
colonized on asters in "insect proof" cages in the greenhouse at Ames for 
use in transmission experiments. The leafhoppers were confined on 
diseased onion plants in large lantern globe cages for varying periods of 
time, depending upon the individual experiment in progress. In some 
cases they were transferred directly from diseased to healthy onion while 
in others they were confined on asters for a given interval of time before 
being transferred to healthy onion plants. In some instances the insects 
were transferred from diseased to a succession of healthy onion plants. 
The idea involved, in the various methods of handling the insects, was to 
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take advantage of the fact that there might be a period of delayed in-
fectivity in the leafhoppers such as has been shown to occur by Kunkel 
(1926) in the development of aster yellows and C. sexnotata. Through 
the procedure herein described 512 healthy onion plants were exposed 
but, with one exception, all remained healthy during the period which 
they were kept under observation. The one plant which became diseased 
in this series seems to be the result of an accidental transmission, since 
numerous attempts to obtain additional transmissions were unsuccessful. 
During June and July 1931 potato leafhoppers, E. fabae, were con-
fined on diseased onions for an interval of one or two days and then 
transferred to healthy onion plants. During the period of observation the 
cages remained over the experimental plants until all insects had died, 
which was usually from 3 to 5 days. In some cases the transfers were 
made from diseased onion back to potato plants for an interval of time 
before exposure of healthy onion plants. Of 147 healthy plants exposed, 
none developed yellow dwarf symptoms during the current season or 
when they were regrown the following season in the greenhouse. 
From these experiments it was concluded that neither C. sexnotata, 
D. inimicus nor E. fabae were capable of transmitting the virus of onion 
yellow dwarf from diseased to healthy plants. 
EXPERIMENTS WITH THE TARNISHED PLANT BUG, LYGUS PRATENSIS L. 
On onion plants the injury caused by the feeding of the tarnished plant 
bug, L. pratensis, first becomes apparent as a small "water-soaked" area 
which gradually turns brown and may develop into a necrotic spot. In 
the onion growing district at Pleasant Valley such injury has been ob-
served to result in somewhat serious damage in local areas. These bugs 
quite commonly congregate in large number in the flowers of onion and 
their feeding activities may cause a considerable reduction in yield of 
seed. 
During the spring and fall of 1931 and 1932 a series of experiments 
were conducted in which tarnished plant bugs were confined on diseased 
onion for 24- to 48-hour periods, and then transferred to healthy plants. 
In these experiments it was found desirable to use large cages (l'xl'x2') 
covered with cheese cloth which served as a partial shade. If more than 
6 or 8 individuals were confined on a small onion plant for a few hours 
their feeding activities frequently produced such severe effects as to 
either kill the plant completely or cause a marked stunting. This being 
the case, the experimental plants were usually caged with not more than 
3 or 4 bugs which were removed after a 12- to 24-hour period. 
A total of 94 healthy onion plants were caged with the tarnished 
plant bug with negative results. Most of these plants were regrown, but 
no evidence of the disease appeared. 
EXPERIMENTS WITH ONION MIRIDS, LABOPIDIA AINSLEI 
KNIGHT AND L . ALLI KNIGHT 
Two species of plant bugs, L. ainslei and L. alli, which normally feed 
and breed on onions, both wild and cultivated, and a few closely related 
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plants such as garlic, occur quite commonly in Iowa. Although a detailed 
biological study of these 2 species of insects has not been made, it has 
been determined that only one generation of each species is produced 
annually. The active stages are present for only a short time in early 
spring, being present the remainder of the year as eggs which are deposit-
ed in the host plant tissues. During the springs of 1930 to 1933, inclusive, 
468 nymphs and adults, collected in the field, were caged on diseased onion 
for a period of 2 days and then transferred to large "insect proof" cages 
containing young healthy onion plants. All of these, which included 174 
plants, remained healthy during the current growth period and when 
regrown the following season. 
EXPERIMENTS WITH THE BULB MITE, RHIZOGLYPHUS HYACINTH! BOISD. 
Under favorable conditions of temperature and humidity the bulb 
mite, R. hyacinthi, constitutes a pest of serious consequence to the onion 
crop, especially to stored bulbs and bulbs which are allowed to remain in 
the field sometime after becoming mature. Since it is a pest so intimately 
associated with the onion crop, the possibility of some relationship be-
tween it and the spread of yellow dwarf seemed tenable. 
During the spring, summer, and fall months of 1930-31 a series of 
transmission experiments with the bulb mite were conducted. Inoculated 
bulb mites, obtained both on diseased plants which had become infested 
under natural conditions and on plants which had been experimentally 
infested, were transferred along with the diseased bulbs to healthy plants 
in "insect proof" cages. The plants remained caged for a period of 2 to 3 
weeks. Of approximately 200 healthy plants exposed in this manner, 
none developed yellow dwarf. About half of these plants were kept un-
der observation during a second growth period but all remained healthy. 
EXPERIMENTS WITH BULB INFESTING MAGGOTS 
The imported onion maggot, Hylemyia antiqua Meig., and the seed 
corn maggot, Hylemyia cilicrura Rond., although pests which have not 
occurred in serious proportions up to the present time in Iowa, occasional-
ly may attain such numbers as to destroy 5 to 15 per cent or more of the 
onion crop in local plantings. In general, such a condition prevailed dur-
ing the period (1928-1931) when yellow dwarf was widespread in the 
Pleasant Valley onion growing district. 
In spite of the fact that insects of this type appear to be poorly adapt-
ed for transmitting a virus disease and are not known to have been impli-
cated previously in any instance, the importance and close relationship 
of these three species of dipterous maggots to the onion crop suggested 
a possible relationship. 
For confining the maggots on healthy plants, large glass cages 
(l'x2V2'x4') were used. These cages were placed over a group of plants. 
which were growing in a greenhouse bench, and inoculated maggots, 
obtained from either naturally or experimentally infested diseased bulbs, 
introduced. After a period of about 2 weeks the cages were removed and 
274 H. D. TATE 
the plants kept under observation until time of harvest. As was expected, 
a few of the experimental plants were killed as a result of the maggot 
attacks and others were severely stunted. More than 200 plants were 
exposed in this manner with negative results. A considerable number 
of these plants were regrown but no yellow dwarf symptoms developed. 
During the spring of 1931 a series of experiments were conducted in 
which inoculated maggots, obtained from naturally infested diseased 
bulbs, were introduced into small incisions made in the bulb of young 
healthy growing onion plants. Of approximately 250 plants exposed by 
this method, none became diseased. 
EXPERIMENTS WITH MEALY BUGS 
While conducting transmission experiments with the various groups 
of sucking insects, it was thought advisable to include certain species of 
mealy bugs which commonly occur on greenhouse plants and are prac-
tically always available in large numbers. 
In March 1933 mealy bugs (Phenacoccus sp.) were collected in the 
greenhouse at Ames and confined on diseased onion plants, an effort be-
ing made to select the younger and more active stages. After 24 hours 
they were transferred to healthy onion plants. While confined on the 
plants it was noted that many individuals did not appear to be feeding 
and considerable numbers were congregated either on the side of the 
cage or on the ground surface. 
Twenty-eight healthy plants were exposed in this series of experi-
ments all of which remained healthy, with one exception. Additional 
experiments were later conducted in an effort to verify the previous 
transmission but without success. It was concluded, therefore, that the 
one diseased plant either was the result of an accidental infection or that 
yellow dwarf transmission by mealy bugs is an extremely rare occurrence. 
Experiments similar to the ones just described with the mealy bug, 
Pseudococcus citri Risso, collected from coleus plants, also gave negative 
results. 
EXPERIMENTS WITH APHIDS 
Previous to the outbreak of yellow dwarf in Iowa there was little 
occasion for giving serious consideration to insects which only occasionally 
occur on onion. Following the advent of yellow dwarf, however, and the 
failure to incriminate any of the primary and secondary onion pests as 
vectors of the disease, attention was directed toward insects which only 
occasionally or incidentally feed upon the virus host plant. Since aphids 
comprise the most important group of plant virus vectors, at least from 
the standpoint of number of diseases transmitted, attention quite natural-
ly was directed toward this group as possible vectors. 
Field observations made during the period from 1928-1931 showed 
that often many different species of plant lice were present in onion fields 
either breeding on weed hosts or as migrants and that these insects fed 
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on growing onion plants to some extent. A detailed discussion of this 
subject will be given in a subsequent section of this paper. 
In December, 1931, several hundred individuals of the bean aphid, 
Aphis rumicis L., which were being colonized on nasturtium, were con-
fined on a diseased onion plant for a period of two days and then trans-
ferred to young healthy onion plants. In this experiment 8 plants were 
used and at the end of approximately three weeks five plants had de-
veloped typical yellow dwarf symptoms. Additional experiments were 
subsequently conducted with A. rumicis and with a number of other 
species of aphids. A detailed account of these tests is given in the fol-
lowing discussion. 
TRANSMISSION EXPERIMENTS WITH APHIDS 
MATERIALS AND METHODS 
A stock supply of plant lice was maintained by colonization on one 
or more of their normal host plants grown either in small "insect proof" 
cages or in isolated compartments of the greenhouse. Transfers were 
made either with a small camel-hair brush or an aspirator similar to the 
type described by Kunkel (1926) for use in handling leafhoppers. For 
confining aphids on diseased plants large lantern globe cages were em-
ployed. During the early part of the work cylindrical glass tubes ap-
proximately 2.5 inches in diameter and 12 inches long and covered over 
with cheese cloth, held in position by means of a rubber band, were used 
to confine the insects on individual experimental plants. Since there is a 
tendency for moisture to condense on the sides of small glass cages, par-
ticularly when exposed to sunlight, celluloid and cellophane cages of a 
smilar size and shape were substituted and these proved to be somewhat 
more satisfactory. 
The aphids were confined on a diseased plant for a given period of 
time and then transferred directly to the experimental plant, as a general 
rule at the rate of 30 to 50 individuals per plant. Except for certain types 
of experiments, which will be discussed later in the text, the insects were 
kept on the experimental plant for a period of 2 or 3 days following which 
the cages were removed and the plants carefully sprayed with either a 
solution of pyrethrum or nicotine sulphate and soap. All experimental 
plants were accompanied by an equal or greater number of controls. 
Experimental plants were grown from sets, three-eighths to one-half 
inch in size, which were produced in disease free areas and no cases of 
natural infection were known to have occurred. As a rule the plants 
were used when one to four inches in height, more satisfactory results 
being obtained with plants of this age than with older or more mature 
plants. 
All plants in the experimental greenhouse were treated at frequent 
intervals with either a nicotine sulphate-soap or pyrethrum spray. Occa-
sionally the sprays were supplemented with fumigation by means of va-
porizing free nicotine as an additional precaution against infestations of 
extraneous insects. 
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TRANSMISSION BY APHIS RUMICIS L. 
Because of the abundance, wide distribution and convenience with 
which it could be reared in the laboratory, A. rumicis was selected as the 
most satisfactory species of aphid to use in large scale transmission 
studies. Vigorous colonies were maintained on dwarf nasturtium grown 
in board flats (l'x2'x6"). In order to have as nearly a homogenous popu-
lation as possible, the stock supply of aphids was developed originally 
from a single parthenogenetic female. 
In transmission experiments conducted during the year 1931-1932, 
332 healthy onion plants were exposed to viruliferous A. rumicis. Of these 
236 or an average of 71.0 per cent developed mosaic. The initial symptoms 
of the disease developed in a relatively short time, being 7 to 12 days in 
most cases with an average of 10.6. The range, however, was from 4 to 29 
days. The incubation period of the disease was markedly influenced by 
the age and state of growth of the plant and by the greenhouse tempera-
ture, being comparatively longer in older plants in a poor state of growth 
and when the temperature was sufficiently high to retard their growth. 
RAPIDITY WITH WHICH A. RUMICIS BECOMES INFECTIVE 
A series of experiments was conducted to determine the period of 
time necessary for A. rumicis to feed on a diseased plant in order to be-
come infective. With insects which do not normally feed on the virus 
host plant and apparently accept such plants as a source of food only 
during their wanderings or migrations, or in case of necessity because of 
the absence of their normal host plant, this point has considerable in-
fluence on the effectiveness with which the vector may disseminate the 
virus. In order to establish this relationship, colonies of A. rumicis were 
confined on diseased onion for varying periods of time and then trans-
ferred to healthy onion plants. In preliminary experiments it was de-
termined that the period of time was relatively short-less than 48 hours. 
With this range established, aphids were confined on diseased plants for 
periods of time varying from 30 minutes to 48 hours. The results of 
these tests are presented in table 1. It will be noted that there does not 
appear to be any signifiicant difference in the percentage of transmission 
obtained within this range. 
In one instance successful transmission was obtained by a single 
aphid which had been confined on a diseased plant for only 15 minutes. 
These tests established the fact that extremely short feeding periods on 
a diseased plant are sufficient for the aphid vector to become infective. 
INCUBATION OF THE VIRUS IN APHIS RUMICIS 
Preliminary experiments indicated that if there was a period of de-
layed infectivity in the insect it was less than 60 hours. Colonies of 
aphids were confined on diseased plants for periods of 3 to 12 hours and 
then transferred to a succession of healthy onion plants. Approximately 
50 aphids, consisting principally of adult apterous forms were confined 
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TABLE 1. Infections obtained with Aphis rumicis when confined on diseased plants 
for varying periods of time 
Period of time Number Number 
on diseased plants healthy plants plants Percentage 
(in hrs.) exposed infected transmission 
48 64 48 75.0 
24 53 40 75.4 
12 32 21 65.6 
5 16 9 56.2 
.5 34 22 64.7 
on each healthy plant. The use of large numbers of aphids was desirable 
since all the insects placed on diseased plants, do not become infective 
and, when transferred to healthy plants, all individuals do not feed, 
especially during short exposures. Moreover, during the process of 
transferring aphids, many of them become disturbed to such an extent 
that considerable time may be spent in wandering about in the cage in an 
effort to escape. The results of these tests are shown in table 2. 
Five experiments were conducted each of which consisted of six 
colonies of aphids. By referring to table 2 it will be noted that, with one 
exception, all the successful transfers were obtained during exposures in 
which the aphids had not been removed from the source of inoculum 
for more than three to four hours at the time of making transfers. In 
Experiment 3 a single transmission was obtained after the aphids had 
been removed from the diseased plant for a period of 21.5 hours. These 
data indicate that there is no incubation period of the virus in A. rumicis, 
or at most an extremely short one, and that infective power is rapidly 
lost when aphids are confined on healthy susceptible hosts. 
RETENTION OF INFECTIVE POWER BY APHIDS 
From the data presented in table 2 it is quite evident that in the 
process of transfering viruliferous A. rumicis to a succession of healthy 
susceptible plants the infective power is rapidly diminished, and com-
pletely lost after a few hours. Two other procedures were followed in 
an effort to establish a further understanding of this relationship. By the 
first method, aphids were confined on diseased plants and then trans-
ferred for a period of time to immune plants, following which they were 
transferred back to healthy susceptible plants. By the second method, 
aphids were caged on diseased plants and then confined without food in 
constant temperature chambers for varying periods of time. 
Retention of infective power when confined on immune plants 
Three species of aphids were used in this experiment, namely, the 
bean aphid, (A. rumicis) the cabbage aphid, (Brevicornye brassicae L.), 
and the corn leaf aphid, (Aphis maidis Fitch) , the normal immune hosts 
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TABLE 2. Infections obtained with 6 colonies of Aphis rumicis when confined O'I\ 
diseased onion plants for 3 to 12 hours and then transferred to a 
succession of healthy plants 
Experiment 1 
Period 
Length of 
exposure Colonyl Colony2 Colony3 Colony4 Colony5 Colony6 
1 16 x - - - - -
2 24 - - - - - -
3 24 - - - - - -
Experiment 2 
1 
2 
3 
4 
Experiment 3 
1 % x - x x - -
2 16 - x x x x x 
3 5 x - - - - -
4 3 - - x - - -
5 16 
- - - - - -
Experiment 4 
1 24 x x 
2 24 
3 24 
Experiment 5 
1 % x - x x x -
2 2 
- - - - - -
3 24 - - - - - -
4 24 - - - - - -
5 24 - - - - - -
employed being, nasturtium, young cabbage plants and corn plants, 
respectively. The results of these tests appear in table 3. 
After being confined on diseased onion plants, colonies of A. rumicis 
were transferred to nasturtium for periods of time ranging from 2 hours 
to 139 hours and then transferred to susceptible plants (onion). By 
reference to table 3, it will be noted that in no case were successful trans-
missions obtained after the aphids had been confined on immune plants for 
more than 36 hours. 
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In the case of cabbage aphids B. brassicae, 24 of 48 healthy plants to 
which direct transfers were made developed mosaic while of 16 plants 
exposed to aphids which had fed on immune plants for an interval of 24 
hours, after removal from diseased plants, none became diseased. 
Somewhat similar results were obtained with the corn leaf aphid. 
Of 16 healthy onion plants which were exposed immediately after re-
moval of insects from diseased plant, 10 became diseased, while of 18 
healthy onion plants exposed to aphids which had fed on corn plants for 
an interval of 24 hours or more after removal from diseased plants, none 
developed mosaic. 
TABLE 3. Infections obtained with 3 species o{. aphids when confined for 24 hours on 
diseased plants and then transferred to p ants immune to yellow dwarf for 
varying intervals of time before being caged on healthy onion plants 
Hours confined Number Number 
on immune healthy plants plants Percentage 
plant exposed infected transmission 
Aphis rumicis 
2 12 2 16.0 
12 6 0 0.0 
17 18 2 11.1 
24 24 0 0.0 
36 6 1 16.6 
43-139 72 0 0.0 
Brevocornye brassicae 
0 48 24 50.0 
-
24 16 0 0.0 
Aphis maidis 
0 16 10 62.5 
24 6 0 0.0 
48 6 0 0.0 
72 6 0 0.0 
Retention of infective power by A. rumicis when confined without food 
The question of how long viruliferous aphids retain their infective 
power when confined without food has a rather important bearing on 
their capacity to disseminate the yellow dwarf virus under field condi-
tions. Under the influence of the migratory impulse or any other condi-
tion that may serve to initiate movement, plant lice in some instances 
undoubtedly subsist for considerable periods during which they take 
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little or no food. In determining how long A. rumicis retains its infective 
power under such conditions, colonies of aphids were confined on diseased 
plants for 6-hour periods and then transferred to a constant temperature 
chamber (70°F. and 75 per cent relative humidity) for varying periods 
of time ranging from 3 to 63 hours. The results of these tests appear in 
table 4. It will be noted that no successful transmissions were obtained 
after the aphids had been confined for more than 8 hours without food. 
Although a considerable number of individuals died within the first 24 to 
48 hours many of them remained active for more than 2.5 days. 
From this and the two preceding experiments it is apparent that 
plant lice retain their infective power for only a few hours after removal 
from diseased plants regardless of whether they are feeding on healthy 
susceptible hosts, immune hosts, or confined without food. 
TABLE 4. Infections obtained with Aphis rumicis when fed on diseased plants for 6 
hours and then confined withou.t food for varying intervals of time before 
being transferred to healthy onion plants 
Number Number Number 
hours confined healthy plants plants 
without food exposed infected 
3 5 1 
4 5 3 
5 11 2 
6 5 0 
7 5 0 
8 11 2 
9 10 0 
10 5 0 
12-63 192 0 
TRANSMISSION EXPERIMENTS WITH VARIOUS SPECIES OF APHIDS' 
During the course of both field observations and experimental work 
on insects as related to the transmission of yellow dwarf of onion, many 
different species of aphids were taken on the foliage of onions, weeds in 
onion fields, and cultivated and wild plants in bordering and nearby 
areas. In preliminary experiments it was found that several species of 
plant lice, in addition to the one originally involved, namely, the bean 
aphid, A. rumicis, were capable of transmitting the virus of yellow dwarf 
from diseased to healthy plants. It was of considerable interest, there-
fore, to determine whether or not any species of aphids that could be 
•Credit is due Dr. Floyd Andre, formerly of the Iowa Agricultural Experiment 
Station, for the greater part of the field and laboratory work involved in conducting 
and interpreting the results of this series of experiments. Credit is also due Dr. F. C. 
Hottes for the identification of a number of the species of aphids used and for verifi-
cation of the author's determination of a number of other species. 
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TABLE 5. Infections obtained with 51 species of aphids when confined on diseased 
onion far a period of 12 to 48 hours and then transferred to healthy onion plants 
Number 
healthy 
plants 
Species of aphid exposed 
Ampharophara rossi H. & F . . . . . . . . . . . . . . . 12 
Aphis ageratoidis Oestlund . . . . . . . . . . . . . . 8 
A . cardui Linn. . . . . . . . . . . . . . . . . . . . . . . . . . . 4 
A. decepta H. & F. . . . . . . . . . . . . . . . . . . . . . . . 10 
A. forbesi Weed .. . .. . . . .. . . . .. . . .. . .. .. . 9 
A. gossypii Glover . . . . . . . . . . . . . . . . . . . . . . . 29 
A. helianthi Monell . . . . . . . . . . . . . . . . . . . . . . 18 
A. laburni Kalt. . . . . . . . . . . . . . . . . . . . . . . . . . . 12 
A. maidis Fitch . . . . . . . . . . . . . . . . . . . . . . . . . . 94 
A . oenotherae Oestlund ... .. . .. . . . . . . . . . . . 6 
A. oestlundi Gillette . .. . .. .. . .. .. . .. . .. .. 14 
A . pomi I>eGeer . ... . . ... . . . .. . ....... ... 26 
A . rubi Kaltenbach . . . . . . . . . . . . . . . . . . . . . . 5 
A. rumicis Linn . . . . . . . . . . . . . . . . . . . . . . . . . 332 
A. sambucif oliae Fitch .. .. .. . . .. . .. .. . .. . 12 
A. vibrunicola Gillette . . . . . . . . . . . . . . . . . . . 7 
Brevicornye brassicae (Linn.) . . . . . . . . . . . . 39 
Calaphis betulella Walsh . . . . . . . . . . . . . . . . . 13 
Capitopharus flaveolus (Walker) . . . . . . . . 15 
C. Tibis (Linn.) .. .. .. . .. .. .. .. . .. .. .. .. 5 
Chaitophorus quercicola (Monell) . . . . . . . 14 
C. vim inalis Monell . . . . . . . . . . . . . . . . . . . . . . 8 
Cinara pini Linn. . . . . . . . . . . . . . . . . . . . . . . . . 12 
Drepanaphis acerifoliae (Thomas) . . . . . . . . 20 
Eulachnus rileyi Williams . . . . . . . . . . . . . . . . 9 
Hyalopterus atriplicis (Linn.) . . . . . . . . . . . . 48 
H. pruni (Geoffrey) . .. .. .. .. .. .. .. .. .. .. 14 
Hysteroneura setariae (Thomas) . . . . . . . . . . 14 
Macrosiphum ambrosiae (Thomas) . . . . . . 25 
M . gei (Koch) . . . . . . . . . . . . . . . . . . . . . . . . . . 35 
M. gravicornis Patch .. .. .. .. .. .. .. .. .. .. . 17 
M. impatiensicolens Patch . . . . . . . . . . . . . . . . 10 
M. pisi (Kalt.) .. .. .. .. .. . .. .. .. .. .. .. . .. . 80 
M. purpu.rascens (Oestlund) . . . . . . . . . . . . . 5 
M. rosae (Linn.) . . . . . . . . . . . . . . . . . . . . . . . . 16 
M. rudbeckiae (Fitch) . .. .. .. .. . . .. .. .. . .. 20 
Microsiphum artemisiae (Gillette) . . . . . . . 7 
Monellia caryae (Monell) . . . . . . . . . . . . . . . 10 
M. caryella (Fitch) .. . .. .. .. . . .. .. .. .. .. . 10 
M yzocallis alhambri I>avidson . . . . . . . . . . . . 10 
M. asclepiadis (Monell) . . . . . . . . . . . . . . . . . 16 
M. ononidis (Kaltenbach) . . . . . . . . . . . . . . . 14 
Myzus cerasi (Fabricius) . . . . . . . . . . . . . . . 7 
Myzus persicae (Sulzer) . . . . . . . . . . . . . . . . . 48 
Periphyllus negundinis (Thomas) 4 
Prociphillus fraxinifolii (Riley).... . .. . ... 6 
Rhopalosiphum nymphaeae (Linn.) . . . . . . 23 
R. prunifoliae (Fitch) .. .. . .. .. .. . .. .. .. . 121 
R. pseudobrassicae (I>avis) . . . . . . . . . . . . . . 10 
R . rhois Monell .. .. .. .. .. .. . .. .. . .. .. .. .. 16 
Thripsaphis balli (Gillette) . . . . . . . . . . . . . . 10 
Number of 
infected Percentage 
plants* transmissions 
5 41.7 
5 62.5 
2 50.0 
8 80.0 
5 55.5 
24 82.7 
14 77.7 
9 75.0 
73 77.6 
2 33.3 
10 71.4 
23 88.4 
2 40.0 
236 71.0 
3 25.0 
4 57.1 
20 51.2 
8 61.5 
13 86.6 
4 80.0 
7 50.0 
4 50.0 
0 0.0 
11 55.5 
0 0.0 
30 62.5 
9 64.2 
10 71.4 
24 92.3 
16 45.7 
15 88.2 
9 90.0 
65 81.2 
2 40.0 
16 100.0 
16 80.0 
5 71.3 
8 80.0 
7 70.0 
6 60.0 
12 73.0 
9 64.2 
2 28.5 
30 62.5 
1 25.0 
0 0.0 
19 82.6 
87 71.9 
8 80.0 
10 62.5 
9 90.0 
• In all cases the number of controls was equal to or greater than the number of 
experimental plants. None of the controls developed yellow dwarf. 
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induced to feed on onion plants was capable of transmitting the virus. 
As a result, various species of aphids were collected in the vicinity of 
Ames and Pleasant Valley, Iowa, confined on diseased onion for a period 
of 12 to 24 hours, and then transferred to young healthy onion plants. 
The results of these tests appear in table 5. 
It will be noted in table 5 that of 51 species tested, 48 are recorded 
as having transmitted the disease, a number which is sufficiently large 
to indicate that any species of aphid is potentially a vector of onion yellow 
dwarf. 
As would be expected, all species of aphids and particularly those 
which normally feed principally on trees and shrubs, do not readily feed 
on onion plants. When large numbers were confined on onion plants, 
however, no difficulty was experienced in most cases on securing a rea-
sonably high per cent of successful transmissions. Contrary to what 
might be suspected, a number of the non-migratory species, such as 
M. alhambri, which normally feed throughout the year on oak trees, 
Quercus ssp., and M. asclepiadis, which is normally confined to milkweed 
species (Asclepias ssp.), were collected in onion fields in large numbers 
during certain periods as alatae. 
MASKED SYMPTOMS; VISIBLY UNINFECTED PLANTS 
AS A SOURCE OF INFECTION 
Early in the work with onion yellow dwarf it was found that many 
plants which became inoculated during the current growth period failed 
to show visible infection until the bulbs were regrown the following 
season. Such a condition may be the result of a number of influences 
the more important of which are perhaps the stage of growth of the plant 
and its growing condition at the time infection occurs. 
A series of experiments were conducted to determine if such plants 
might serve as a source of inoculum for aphid vectors. On seven plants 
which had been exposed to infective aphids but had failed to develop 
visible yellow dwarf symptoms, colonies of A. rumicis were confined for 
24-hour periods and then transferred to young healthy onion plants. The 
results of these tests are shown in table 6. It will be noted that of 34 
healthy plants exposed, only 7 developed visible symptoms and that 
these infections were obtained from 2 of the original 7 plants that were 
being used as a source of inoculum. These experiments, although of a 
limited scope, are sufficient to establish the fact that masking of symptoms 
does occur and that aphids feeding upon such plants may become in-
fectious and spread the disease to healthy plants. 
FIELD STUDIES OF APIDD POPULATIONS 
During 1932 a field station was maintained in the onion growing 
district at Pleasant Valley, Iowa and daily observations made in repre-
sentative fields throughout the growing season for the purpose of de-
termining the trend of aphid populations. Observations, also, were made 
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TABLE 6. Infections obtained with Aphis rumicis when confined on plants which 
previously had been exposed to virulif erous aphids, but failed to develop 
visible yellow dwarf symptoms, and then transferred to 
healthy onion plants 
No. of plants No. healthy No. plants 
used in test plants exposed infected 
1 5 0 
-
1 3 0 
1 4 3 
-
1 7 0 
--~-
1 4 0 
·-I---
1 5 0 
1 6 4 
TOTAL 7 34 7 
at various times during the years 1930 and 1931 and from 1933 to 1935, 
inclusive. 
The first aphids to appear in the onion fields in noticeable numbers 
were pea aphids, M. pisi. They were observed feeding on onion plants on 
May 10. On May 13, in fields located near alfalfa, an estimate based on 
counts made at various points showed that M. pisi was present in onion 
fields at the rate of about 2500 per acre. Alfalfa fields in the area under 
observation became extremely heavily populated with M. pisi during the 
early part of May resulting in a general tendency of both alate and apter-
ous forms to fly and crawl about promiscuously in search of new and 
less densely populated food plants. 
In the majority of fields at Pleasant Valley several species of weeds, 
including lamb's quarter (Chenopodium album L.), clover (Mellilotus 
ssp.), purslane (Portulaca oleracea L.) , and several grasses, along with 
a number of other plants, succeed in establishing themselves during the 
early part of the season, especially during periods of heavy rainfall. As 
our records showed, these plants often became densely populated with 
various species of aphids. In many cases 50 to 75 M. pisi were found on a 
small clover plant growing in the center of a 20 to 30 acre onion field, and 
as many as 300 specimens of A. rumicis were collected on a small shep-
herd's purse plant in a similar situation. In most cases, these weeds were 
cut or pulled by the growers and the plant lice, including nymphs, alate 
and apterous forms, left in the field with no source of food except the 
onion plant. In case the weeds were not destroyed early, they soon be-
came overpopulated and served as a center of migration in all directions. 
Plant lice apparently have an inherent tendency to make an effort to 
feed on any plant with which they come in contact and their chief criterion 
for determining the desirability or undesirability of a plant as a source 
of food appears to be by sampling it. In other words, the fact that an 
aphid finds one onion plant an unsatisfactory source of nourishment does 
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not appear to impress it with the fact that the next onion plant will be 
of the same nature. As a result, one plant louse in migrating through an 
onion field may insert its beak and feed to some extent on a number of 
plants. In one particular instance an alate M. pisi was observed to attack 
4 onion plants in succession in a period of 30 minutes and at the end of 
this time was crawling toward another. It was not uncommon to find 
from a few to 30 or more aphids feeding on a single onion plant near a 
recently cut weed. 
In a field belonging to a grower who had made no effort to control 
yellow dwarf it was noted that diseased volunteer onions were growing 
in considerable numbers, as were also a variety of weeds, such as 
shepherd's purse, (Capsella bursapastoris (L.) ) , seedling box elder 
plants (Acer negundo L.), and others. Many of these were heavily in-
fested with aphids. During the first week of June (1932) the weeds 
were cut by the grower and an examination of the field a few days later 
showed that large numbers of aphids were feeding on onions. In order 
to secure conclusive evidence that aphids become infectious by feeding on 
diseased plants under field conditions, 115 A. rumicis, found on diseased 
volunteer onions near recently cut shepherd's purse plants, were collect-
ed and confined on 6 disease free onions. At the end of two weeks 5 of 
these had developed typical yellow dwarf symptoms. Following the time 
at which the weeds were cut frequent field observations showed that 
many new cases of yellow dwarf had developed with the diseased volun-
teer onions acting as centers of infection. 
Another factor which was observed to be associated with the rate 
of spread of yellow dwarf was the proximity of the onion field to other 
vegetation such as alfalfa and certain vegetable crops which, as a rule, 
supported a heavy aphid population during the spring months. It has 
been noticed repeatedly that the incidence of yellow dwarf is unquestion-
ably greater in onion fields adjacent to alfalfa or clover than in areas 
located at some distance from these legumes. 
The Pleasant Valley onion growing district is located along the 
Mississippi River and comprises a narrow valley approximately .75 mile 
in width and 4 or 5 miles in length. It is bordered on the east by the 
Mississippi River and on the west by a series of hills or bluffs which, to 
some extent act as a barrier between the valley and the higher grain 
growing region to the west. 
In the Pleasant Valley district there is, in addition to onions, a con-
siderable acreage of vegetables such as cabbage, melons and other plants 
which are favorable hosts for aphids. Also, there are rather extensive 
areas of waste land, partly in the form of ditch banks and low lands near 
the river, which are unsuitable for cultivation. In such places grow a 
wide variety of weeds and trees many of which at times become heavily 
infested with aphids. It is quite evident, therefore, that in this area 
ecological factors are favorable for the development of heavy aphid popu-
lations of various species which, in the course of their wanderings and 
migrations, may serve as disseminating agents for the yellow dwarf virus. 
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Approximately 10 miles from Pleasant Valley is a district where from 
150 to 200 acres of set onions are produced each year. Although yellow 
dwarf is known to have been present in this territory since 1928, no special 
efforts have been made to control the disease and it has not at any time 
attained such proportions as to cause appreciable commercial losses. 
Furthermore, during the last few years, there has been a gradual de-
crease in the percentage of infection and at the present time (1936) only 
a trace of the disease can be found. Why such a condition should exist 
in this region is not definitely known but it is apparently related to a 
scarcity of the insects which disseminate the disease under natural con-
ditions. In contrast to the Pleasant Valley area, this district is located 
in the grain growing region where practically all of the land is either 
planted in small grain and corn or used as pasture. Consequently, the 
plant complex appears to be less conducive to the production of heavy 
aphid populations of various species during the onion growing season. 
At Pleasant Valley, Iowa, commercial onions are grown from both 
sets and from seed, the latter being originally free of yellow dwarf since 
there is no transmission through the seed. The more susceptible growing 
period of seedling onions, however, coincides with the maximum aphid 
activity resulting in highly favorable conditions for transmission of the 
virus from set onions, which have carried the disease over from the pre-
vious season, to seedling onions grown both for commercial purposes and 
for sets the coming year. Thus cultural practices in combination with the 
natural characteristics of plant lice are conducive to a perpetuation of the 
disease from year to year. 
During the 1932 growing season, at Pleasant Valley, there was in 
general a gradual increase in plant lice until the latter half of June. In 
August and September, because of parasites and predators along with 
other factors of the environment, the aphid population was in most cases 
reduced to inappreciable numbers. 
The most extensive migration of any one species was that of H. 
atriplicis which began on June 11 (1932) and covered a period of about 
10 days. On June 11 they were present in onion fields, as determined by 
making counts at various points, at the rate of 10,850 per acre. On June 
12 individuals of this species were found to be present in some onion 
fields at the rate of 52,000 per acre. On June 13 the number of individuals 
had increased to 87,120 per acre. The constant movement of aphids in 
an onion field which varies in rapidity among different species undoubted-
ly brings about a thorough and intricate system of cross inoculation. This 
condition, combined with the ability of the aphids to obtain the infective 
principle at one feeding and immediately transfer it to healthy plants, 
appears to be particularly favorable for a rapid spread of the yellow 
dwarf virus. 
Following the July and August scarcity of plant lice, there was a 
gradual increase in abundance until freezing temperatures occurred. 
Coincident with this increase, especially in the latter part of September 
and early part of October in Iowa, occurs the fall migration of aphids back 
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to the primary or winter host. The apple grain aphid, R. prunifoliae, was 
especially abundant during the late summer and fall of 1932. On Septem-
ber 19, in onion fields which had been planted in barley after the onion 
crop was harvested from a dozen to 50 or more individuals of this species 
could be found on practically every barley plant examined. Many of 
these were winged forms. At the same time volunteer onions, regard-
less of whether they were growing nearby or one-half mile or more away 
from the barley fields, were usually harboring one or more winged forms 
of this species. 
The significance of the heavy late summer and early fall aphid popu-
lation in connection with yellow dwarf virus dissemination depends en-
tirely upon the importance of volunteer onions in carrying the disease 
from one season to the next. Evidence that volunteer onion may serve 
as an over-wintering source for the virus will be presented in a succeed-
ing section of this report. 
Further information concerning aphid populations in onion fields was 
obtained by the use of "screens" consisting of frames, 2 square feet in 
area, covered over with ordinary 16-mesh screen wire. Over each side 
of the "screen" was spread a thin layer of "tanglefoot" which served as a 
trap for any insects, especially smaller ones, which happened to come in 
contact with it. It was found necessary to replace the "tanglefoot" at 
about 2-week intervals because of the accumulation of various objects, 
including wind blown materials such as dust and small particles of trash 
and miscellaneous species of insects. These "screens" were placed near 
the center of a large onion field in two different localities designated as 
locality A and locality B. At locality A the entire "screen" was com-
posed of 4 units (each unit 2'x2' in area), 2 facing north and south, one 
of which extended from 4 feet above ground surface upward and the 
other directly above it, and 2 facing west and east with the same arrange-
ment as in the former. At locality B the "screen" was composed of 2 
units placed in a manner similar to that in A and extending in height 
from 6 to 8 feet above the ground level. 
Daily examinations of these "screens" were made throughout the 
growing season of 1932 and records made of the number of aphids trapped 
and weather conditions, especially the prevailing course of air currents. 
Aphids which have been trapped by means of "tanglefoot" are 
usually in a badly distorted and mutilated condition upon removal from 
the material, thus making definite identification difficult in many cases. 
It was comparatively easy, however, to identify the more common and 
more abundant species. The species most commonly taken were the pea 
aphid, M. pisi, the bean aphid, A. rumicis, the melon aphid, A. gossypii, 
and M. asclepiadis, a species occurring on milkweed. These species were 
taken more or less regularly during the spring months. A large number 
of other species were collected, some of which occasionally were present 
in considerable abundance. Among these may be mentioned the apple 
grain aphid, R. prunifoliae, the lamb's quarter aphid, H . atriplicis, the 
cabbage aphid, B. brassicae, the corn leaf aphid, A. maidis. 
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That the abundance and duration of migration of winged forms is 
materially influenced by air currents is indicated by the following records 
made, in connection with the above mentioned "screens", on June 25 and 
26. "On June 25 no noticeable wind, 6 aphids collected from screen B, 
distributed as follows: south 4, north 1, west 1, east 0. June 26 fairly 
strong breeze from west, 155 aphids collected from screen B, distributed 
as follows: south 14, north 20, west 121, east O. These results were 
duplicated in their essentials throughout the course of the experiment." 
On 8 square feet of "screen" located near the center of an onion 
field comprising approximately 100 acres, broken only by small drain-
age ditches and field roads, 1697 plant lice, including various species, were 
collected during the month of June 1932. Based on these figures, which 
do not take into account the individuals which migrate at heights of less 
than 4 feet and more than 8 feet, several hundred thousand winged aphids 
crossed each acre of onion field in the locality under observation during 
the month of June. It is a fairly well established fact that aphids, whether 
they be spring, summer, or fall migrants, when influenced by the migra-
tory impulse in combination with the effects of air currents and other 
environmental factors, exercise little if any selectivity either with respect 
to direction of movement or duration of flight. Chance therefore seems 
to be the chief controlling factor operating toward the location of new 
host plants by the migrating insects. 
Four "tanglefoot screens", similar to the ones described above and 
comprising a total of 10 square feet of surface, were set up in the experi-
mental plots at Ames during April 1933. From these "screens", between 
April 2 and April 22, inclusive, a total of 2336 aphids of various species 
were taken. It is of interest to note that there were included among 
these considerable numbers of individuals of non-migratory species such 
as M. alhambri and M. asclepiadis. 
These data convincingly indicate that although a species of aphid 
may be non-migratory, that is, normally confined to one species or group 
of closely related species of host plants throughout the year for feeding 
purposes, many winged individuals migrate presumably in search of more 
favorable food plants of the same species. During their migrations and 
fortuitous wanderings, these individuals, either by chance or necessity, 
may rest upon and imbibe the juices of plants which do not serve as the 
usual host. 
OVERWINTERING OF YELLOW DWARF VIRUS AND ITS 
RELATION TO INSECTS 
All evidence to date indicates that wild host plants of the onion 
yellow dwarf virus do not occur in Iowa. Evidence which indicates that 
it is not a seed borne or soil borne disease also has been presented by 
Henderson (1935) . In view of this situation the "carry over" of the virus 
from year to year depends entirely on onion bulbs either in storage or as 
refu~e in the field. 
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IN STORED BULBS 
Each summer during the period of 1928 to 1933 inclusive several 
hundred bulbs from yellow dwarf infected plants were collected at 
Pleasant Valley and brought to Ames for use during the following winter 
and spring as a source of inoculum in insect transmission experiments. 
From these infected bulbs, which were planted at various times, plants 
showing unmistakable yellow dwarf symptoms were grown. That onion 
bulbs, including sets, mother bulbs and cull onions in the field, are an im-
portant overwintering source for the yellow dwarf virus has been demon-
strated repeatedly. 
IN VOLUNTEER ONIONS 
During the fall of 1933, 58 volunteer onion plants in the experimental 
plots at Ames, were exposed to viruliferous aphids which resulted in 40 
successful inoculations, as evidenced by the development of typical 
disease symptoms. These plants which continued growth as long as 
weather conditions were favorable remained undisturbed and exposed 
to normal out-door conditions throughout the winter. The following 
spring (1934) these plants resumed growth and exhibited typical yellow 
dwarf symptoms. From aphids confined on these plants 20 healthy 
plants were inoculated resulting in 13 successful transmissions. 
On numerous occasions diseased volunteer onions found growing in 
the field at Pleasant Valley and at Ames were used as a source of inoculum 
for infecting healthy plants with successful results. It is, therefore, a 
well established fact that the virus can overwinter in Iowa in onion bulbs 
under field conditions. 
The "carry over" of the yellow dwarf virus in volunteer onions from 
year to year is of considerable importance in perpetuating the disease. 
As a general rule a heavy growth of volunteer onions was produced in 
the infected area each fall and this coincided to some extent with the 
fall migration of aphids. During the years 1931-1935 fall volunteer 
onions were examined and on some occasions from 1 to 15 plant lice were 
found on practically every plant. These individual aphids, frequently 
were observed to be feeding on the onion plants. In many cases it was 
conspicuously noticeable that the percentage of visible yellow dwarf 
infection in the volunteer onions was higher than in the commercial 
crop. This increase may have been influenced by the three following 
factors: (1) masking of symptoms in plants which became infected late 
in the growing season, and the development of symptoms in these plants 
during the second growth period, (2) a tendency of yellow dwarf infected 
bulbs to be less susceptible to a long dormant period, and (3) the heavy 
population of plant lice which is found in onion fields during the fall 
migratory period. 
INTER-TRANSMISSIBILITY OF THE YELLOW DWARF VIRUS 
A series of experiments were undertaken in an effort to determine 
whether yellow dwarf could be transmitted to plants other than the 
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cultivated onion. Colonies of aphids were confined on diseased onion for 
a period of 24 hours and then transferred to the experimental plants (not 
onion) for 24 to 48 hours, and in some cases for a considerably longer 
period. The results of these tests are shown in table 7. It will be noted 
that of a large number of plants exposed none developed what was consid-
ered as yellow dwarf symptoms. 
In a number of cases certain of these plants developed a mosaic like 
appearance suggestive of a virus disease. With all plants listed in table 7 
a number of attempts, particularly with those which seemed to exhibit 
a mosaic appearance, were made to infect healthy onion plants by caging 
aphids on these plants for a period of time and then transferring them to 
healthy onions. In no cases, however, was inter-transmissibility demon-
strated. 
In addition to the plants mentioned in table 7, attempts were made 
to inoculate a number of other both cultivated and wild plants. Among 
these were croecus, (Crocus bilflorus, Mill.), plantain (Plantago ssp.), 
corn, (Zea mays L.) lamb's quarter (Chenopodium album L.), dock, 
(Rumex ssp.), alfalfa (Medicago sativa L.), milkweed (Asclepias ssp.), 
TABLE 7. Inoculation of plants other than the cultivated onion by means of aphids 
Number Number 
Common Scientific 
of plants of plants 
name name Family exposed infected 
Wild garlic Allium canadense L. Liliaceae 64 0 
Shallots A. " ascolonicum L. " 37 
Leek A. ,, porrum L. " 16 Garlic A. sativum L. " 10 
Chive A. schoenoprasum L. " 24 
Field garlic A. vineale L. " 32 
Lilium auratum Lindl. " 6 
L. canadense L. " 2 
L. elegans Thunb. " 2 
L. henryii Baker " 6 
L. japonicum Thunb. " 4 
Easter lily L. longiflorum Thunb. " 11 
L. regale Wils. " 4 
L. rubrum L. " 16 
L. speciosum L. " 15 
L. superbum L. " 5 
L. tenuifolium Fisch. " 12 
Tiger lily L. tigrinum Ker. " 8 
L. umbellatum Pursh. " 5 
Tulip Tulipa gesneriana L. " 8 
Jonquil Narcissus jonquilla L. Amaryllidaceae 26 
N. OOCJITUS L. " 26 
Daffodil 
Chinese sacred 
N. pseudo-narcissus L. " 24 
lily N. tazetta L. " 17 
Iris Iris sp. Iridaceae 18 
Gladiolus Gladiolus sp. " 12 
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and various species of grasses. No evidence was obtained to indicate that 
any of these plants are susceptible to yellow dwarf. 
Healthy onion plants were exposed to the feeding of aphids which 
had been previously confined on plants (not onion) either known to be 
infected with a virus disease or exhibiting virus disease like symptoms. 
Among these were: Easter Lily, (L. longiflorum), milkweed, (Asclepias 
sp.), tomato (Lycopersicum esculentum Mill.), Tulip (Tulipa sp.), 
cucumber (Cucumis sativus L.), alfalfa (Medicago sativa L.), aster 
(Calistephus chinensis Nees.), sweet clover (Mellolotus alba Desr.), wild 
lettuce (Lactuca canadensis L.), plantain (Plantago ssp.), dock (Rumex 
ssp.), purslane (Portulaca oleracea L.), corn (Zea mays), garden pea 
(Pisum sativum L.), iris (Iris sp.), garlic (Allium sativum L.), leek (A. 
porrum L.), and a number of others. No definite indications of inter-
transmissibility were obtained. 
In the Pleasant Valley onion growing district are a number of locali-
ties in which wild garlic, commonly referred to as wild onon, (Allium 
canadense L.) grows quite profusely from year to year. It seemed logical 
to suspect that this closely related species of the cultivated onion might 
serve as a reservoir of yellow dwarf virus. A large number of experi-
ments were therefore conducted to test this hypothesis through the 
agency of aphid vectors, but in no case was a relationship established. In 
some instances, wild garlic plants, which were inoculated by means of 
aphids that had previously fed on yellow dwarf infected onion plants, 
developed a mild chlorotic condition somewhat suggestive of a virus 
disease. Attempts to infect healthy cultivated onion by using such 
plants as a source of inoculum, however, were unsuccessful. Likewise, 
32 plants of field garlic (Allium vineale L.) inoculated by means of in-
fective aphids gave negative results. 
During the spring of 1932 daily observations were made by the 
writer in and around onion fields in the infected area for the purpose of 
locating any wild or cultivated plants which showed mosaic-like symptoms 
suggestive of yellow dwarf. A number of plants displaying such symp-
toms were discovered and in practically all instances attempts were 
made to inoculate healthy onion plants by means of plant lice which had 
been previously confined on the suspicious plants. No successful trans-
fers were obtained. 
In addition to the varieties of onions which are most commonly 
grown on a commercial scale in the yellow dwarf infected area, consisting 
mainly of the Red Globe and Yellow Bottleneck strains, yellow dwarf 
was experimentally transmitted by means of plant lice, in the greenhouse 
and experimental plots at Ames, to 30 varieties of cultivated onions. 
DISCUSSION 
The distribution of yellow dwarf in Iowa was found to be confined 
largely to the Pleasant Valley onion growing district, a condition which 
appeared to be related to cultural practices. In this district a consider-
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able proportion of the commercial onion crop was grown from sets, 
whereas, in other onion growing regions of the state, seed is the principal 
source of commercial plantings. Evidence to date indicates that the 
disease is not seed born, thus the principal overwintering source of the 
virus-namely, bulbs, is eliminated in areas where the commercial crop 
is produced directly from seed. 
Some virus diseases of plants are known to attack only a small 
number of more or less closely related species while a few have been 
shown to have a rather wide host range, such as aster yellows and ring 
spot disease of tobacco. In contrast, information available at the present 
time indicates that the onion yellow dwarf virus is highly specific and 
under normal conditions is not known to attack any plant other than the 
cultivated onion (Allum cepa L.). That such a condition should actually 
exist, however, hardly seems tenable and it is believed that eventually 
additional host plants will be located either in this country or such other 
places where the disease may occur. 
A correct understanding of the importance of aphids in field dis-
semination of the onion yellow dwarf virus depends largely upon a 
knowledge of the life history and habits of aphids in general. The be-
havior and migration of these insects are governed largely by their host 
specificities, periodic or seasonal host restrictions, numerical abundance, 
capacity for reproduction, and availability of food plants. The abundance 
of aphids varies with weather conditions, with the prevalence of aphido-
phagous fungi, with the abundance of predacious and parasitic insect 
enemies, and other factors of the environment. Some species are mono-
phagous, whereas, other forms are polyphagous and feed with varying 
degrees of success upon many different species of plants. 
With favorable food plants, optimum conditions of temperature, 
humidity, and other biotic conditions during the spring and summer, 
plant lice multiply rapidly and often thickly populate and overrun their 
host. This over-crowding, together with the age and varying degrees of 
succulency of food plants, tends to accelerate migration. In all species, 
particularly among the winged individuals, there is an inherent urge to 
wander so that under field conditions migration occurs almost incessantly. 
Thus, both monophagous and polyphagous species wander about in the 
spring, summer, and fall in search of new and less densely populated host 
plants during which they may feed to some extent upon any plant with 
which they come in contact. The onion seems to serve largely as a place 
to rest and a temporary source of nourishment during their fortuitous 
wanderings and migrations. Evidence indicates that such a relationship, 
however, is sufficient to effect a spread of the virus from diseased to 
healthy plants. 
Plant lice acquire the causal agent during the first feeding upon 
diseased onion and immediately afterwards are capable of infecting 
healthy plants, thereby eliminating the hazards that necessarily would 
be encountered should a prolonged incubation period in the insect be 
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obligatory. If there is a latent period, it is extremely short and aphids 
seem to have little, if any, more than an accidental connection with yel-
low dwarf virus. 
The experiments presented in this paper have shown that inoculated 
aphids retain their infective power for only a relatively short time. 
Whether this condition is because of an attenuation or destruction of the 
virus within the insect or owing to a passage through the body and final 
elimination is not known. 
Field observations and experimental data indicate that practically 
any species of aphid is a potential vector of onion yellow dwarf. In Iowa 
there are probably more than 300 species of plant lice any one of which 
may be a contributing factor toward the final results of field dissemination. 
It is a well established fact that the virus of yellow dwarf overwin-
ters in diseased sets, mother bulbs, and commercial onions. Such bulbs, 
together with diseased culls thrown in refuse piles and dump heaps or 
left in the field, may serve as sources of inoculum for the vectors the fol-
lowing season. Since no host plant other than the cultivated onion has 
yet been found in Iowa, the diseased onion bulbs appear to be the only 
reservoir of the overwintering virus in this area. 
The control of onion yellow dwarf, in common with other diseases 
which depend on insects for natural dissemination, is either a matter 
of breaking the association of the vectors and the disease producing agent 
or development of resistant or immune varieties. Up to the present time 
the latter method does not seem to have offered any promise of immediate 
results. There appears to be little if any prospect of any practical form 
of general attack upon the aphid vectors being successful in controlling 
the disease. Thus, the only alternative is to remove or eliminate the 
source of inoculum which is being accomplished through the use of 
disease free seed stock grown in non-infected areas in combination with 
an application of ordinary field sanitation measures. 
SUMMARY AND CONCLUSIONS 
Yellow dwarf is a virus disease of the mosaic type affecting the cul-
tivated onion. In many cases, however, and especially in the advanced 
stages of the disease, chlorosis is more or less general and suggests the 
yellows type of disease. 
In transmission experiments the virus was transmitted from diseased 
to healthy plants by 48 species of aphids. All transmission tests with 
insects, other than aphids, with two doubtful exceptions, gave negative 
results. 
The incubation period of the disease in the plant was found to be 
relatively short, ranging from 7 to 12 days in most cases with an average 
of 10.3 days. , 
It was. determined that plant lice acquire the causal agent during the 
first feeding on diseased onion plants and immediately thereafter are 
capable of infecting healthy plants. 
Experimental evidence convincingly demonstrates that if there is a 
INSECT VECTORS OF YELLOW DWARF 293 
period of delayed infectivity in the insect it is extremely short (only a 
few minutes) and that infective aphids, feeding upon either healthy sus-
ceptible hosts, immune hosts, or confined without food become non-viruli-
ferous within the course of a few hours. 
Under certain conditions the symptoms of yellow dwarf may be com, 
pletely masked and not become visibly evident until after the bulbs have 
undergone a rest period and then regrown. Experiments were conducted 
in which it was found that such plants, can serve as a source of infection 
for plant lice, which, when so inoculated, can convey the disease to healthy 
onions. 
Although the onion plant serves as only an incidental or transitory 
host of aphids in Iowa, field observations made in the infected area show 
that they are present in sufficient numbers and at the proper time to play 
an important role in field dissemination of the disease. 
Since the only known overwintering source of the virus is in the 
bulbs, both in storage and in the field, control can be accomplished by 
destruction of left-over bulbs in the field coupled with planting of disease 
free sets grown in non-infected areas. 
Transmission experiments with a large number of species of plants 
other than the cultivated onion resulted in no successful transfers. The 
disease was transmitted to more than 30 varieties of cultivated onions by 
means of plant lice. 
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In an isotropic elastic medium the physical properties of the medium 
are independent of any selected axes of reference, that is they are the 
same in all directions. In an anisotropic medium, the elastic moduli are 
associated with certain types of symmetry and are dependent upon the 
reference system chosen. In an orthotropic material one may define the 
elastic moduli to be those associated with three orthogonal planes of 
symmetry, involving six distinct moduli. 
In this paper we are concerned with a problem of plane deformation 
in which it is assumed that the stressed structure is very long in one direc-
tion when compared to its transverse directions. This means that all 
transverse sections are under the same system of forces and all the defor-
mations lie in this transverse plane. The elastic constants may be re-
duced to only four independent moduli if we assume that the physical 
properties of the medium remain the same when the horizontal axes are 
interchanged. · 
Consider the orthotropic layer of indefinite extent horizontally and of 
finite depth h. The coordinate system is taken with the x axis in the plane 
of separation between the elastic layer and the inelastic base. The surface 
loading, q (x) , is symmetrical with respect to the y axis, and is of such a 
character in the finite portion of the plane that it is capable of being repre-
sented by a Fourier integral. 
The problem is to determine the stresses and displacements in the 
elastic layer under surface loads and subject to known boundary condi-
tions at the plane of separation. Two cases will be considered 
(a) The separation plane, y = 0, is rough, 
(b) The separation plane, y = 0, is smooth. 
From the general results of these cases, one may show that the 
known results for the corresponding isotropic plane deformation and 
isotropic plane stress cases may be deduced. The special case of ortho-
tropic plane strain is solved for the semi infinite medium by a limiting 
process on the results of cases (a) and (b). 
1 Presented to the American Math. Society, Dec. 2, 1939. This investigation has 
been carried out under Project No. 14 of the Industrial Science Research Division of 
Iowa State College by the first of the above authors as Research Fellow in the De-
partment of Mathematics. 
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EQUILIBRIUM EQUATION 
The linear equalities relating the unit strains to the unit stresses in 
an orthotropic elastic medium are assumed to be of the form 
Ox VxOy VxOz 
Ex=-------, 
Ex Ey Ex 
(1) Oy Vy Ox Vy Oz Ey=---- - --, 
Ey Ex Ex 
Oz VxOx VxOy 
E.=-------, 
Ex Ex Ey 
where Ex, Ey, Vx, Vy are the compression moduli and contraction ratios for 
a two dimensional section. In the case of plane deformation, the strain 
Ez = 0 and the first two of Eqs. (1) become 
l-Vx2 Vx(l + Vx) 
Ex = 
Ex 
Ox -
Ey 
Oy, 
(2) 
1 - VxVy Vy(l + Vx) 
Ey = 
Ey 
Oy -
Ex 
Ox. 
From the relation of symmetry with respect to the x and y axes the 
homogeneous form of the strain energy function is 
(3) 
If one compares Eqs. (2) with the strains obtained from Eqs. (3) by 
the appropriate derivative 
oU oU oU 
(4) Ex =- ' Ey =- ' Yxy= - ' 
OOx OOy O'txy 
then 
(5) 
(6) 
Ex/Ey = Vy/ Vx = k 2 
Designating Ex = E and Vx = v, one finds that Eqs. (2) become 
E Ex= (l-v2) Ox - k 2v (l+ v) Oy , 
E Ey = k 2 [ (l-k2v2 ) Oy - v (l+v) Ox] 
A definition of the shear modulus consistent with known special 
cases is 
E 
(7) G = ---' P + R 
where 
(8) 
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P = k 2 (l-v2k 2+v+v2) , 
R = l-v2+k2v+k2v2 • 
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From the usual equilibrium equations a stress function cf> is de-
fined by 
(9) 
02</> 
Ox=-- ' 
oy2 
02</> 
"t"y =---
OXOy 
Inserting the strain components when expressed in terms of cf> into the 
compatibility equation, one obtains the differential equation of equili-
brium, 
(10) 
with 
(11) 
One seeks a solution cf> of Eq. (10) which can be adjusted to meet the 
boundary conditions. Such a solution is 
(12) c/> = f {A cosh ay + B sinh ay + C cosh Kay + D sinh Kay} cos ax da 
0 
in which A, B, C, and D are constants. Before these constants can be de-
termined so that the boundary conditions are satisfied, the following re-
lations are required. From Eq. (9), 
(13) 
Ox= l {A cosh ay + B sinh ay + CK2 cosh Kay+ 
DK2 sinh Kay} a2 cos ax da , 
Oy = - l~A cosh ay + B sinh ay + C cosh Kay+ 
D sinh Kay}a 2 cos ax da , 
• xy = l {Asinh o.y + B cosh ay + CKsinhKay + 
DK cosh Kay} a2 sin ax da . 
The displacements, u and v, are found from Eqs. (6) 
OU (14) E - = EEx = (l-v2) c/>yy - k 2V2 (l+v) c/>xx , 
OX 
ov 
E- = EEy = k 2 (l- v2k 2 ) c/>xx - k 2v (l+ v) cj>yy . 
oy 
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Since the function cf> is valid in the region 0 < y < h, with u and v 
vanishing at infinite values of x, one may show that these displacements 
are given by 
Eu= fo{R (A cosh ay + B sinh ay) + P (C cosh Kay+ 
D sinh Kay) }a sin ax da , 
(15) Ev = - lo 7p (A sinh ay + B cosh ay) + KR (C sinh Kay + 
D cosh Kay) }a cos ax da . 
CASE (a) , ROUGH RIGID BASE 
The plane of separation at the base is considered to be such that the 
tangential shearing forces prevent any lateral movement at the rigid 
base. The normal loading at the top surface has no tangential shearing 
forces. These conditions are 
(16) v] = 0, u] = 0, i:yx] = 0,-oy] =normal load. 
y= o y = o y= h y= h 
Since the first three boundary conditions of Eqs. (16) vanish identi-
cally in x, one finds three relations among the constants 
(17) 
with 
(18) 
-P -PN KN 
-C= 
R 
-B=-D 
RM M ' 
M = P sinh ah - KR sinh Kah, 
N = R cosh ah - P cosh Kah. 
From the form of the second of Eqs. (13) the fourth boundary con-
dition in Eq. (16) requires that the normal surface loading, q (x), shall 
be represented in Fourier integral form, 
2100 Joo Joo q (x) = - cos ax da q (A) cos al.. dA = Q (a) a 2 cos ax da 
n: 0 0 0 
where 
2 ;·oo Q (a) = - 2 q (/..) cos al.. di... 
n:a o 
(19) 
This last boundary condition leads to 
Q (a) = A cosh ah + B sinh ah + C cosh Kah + D sinh Kah, 
which, by Eqs. (17) yields 
PKNQ(a) 
A= ' 
A 
with 
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(20) d = KN (P cosh ah - R cosh Kah) -M (KR sinh ah - P sinh Kah). 
The final forms of the results giving the stresses and deflections in 
the elastic layer for case (a) are the following: 
o, = !. Q.,<•) {NK(P cosh ay-RK' cosh.Kay)-MK(Rsinh ay-
- PK sinh Kay) }a2 cos ax da, 
o, = -f Q~a) {NK(Pcosh ay-Rcosh.Kay) -M(KRsinh ay-
-P sinh Kay) }a2 cos ax da, 
(21) 
<., 1Q~a) {NK(P sinh ay - RK sinhKay)-MK(R cosh ay-
-P cosh Kay) }a2 sin ax da, 
v = - ~ 1~ (a ) {NK (P2 sinhay-KR2 sinhKay)-MKRP (coshay-
E d 
0 
- cosh K ay) } a cos ax da, 
u=~ 1~(a) {NKPR(coshay-coshKay) -M(R2Ksinhay-
E d 0 . 
-P2 sinh Kay) }a sin ax da. 
CASE (b) , SMOOTH RIGID BASE 
When the inelastic base is frictionless, the tangential stress Txy van-
ishes at y = 0. This boundary condition takes the place of the first con-
dition of Eq. (16) in the problem of the rough base. With this and the 
remaining conditions of Eq. (16) , the values of the constants for the 
stress function c/> of Eq. (12) are 
with 
B=D=O, 
AO = Q(a)KsinhKah, 
CO= - Q (a) sinh ah, 
D = K cosh ah sinh Kah - sinh ah cosh Kah. 
The stresses and displacements for case (b) are: 
a. f Q g> (K sinh Kah cosh ay - K' sinh ah cosh Kay )a' cos ax da , 
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<1y = -1-~ (a) {K sinh Kah cosh ay - sinh ah cosh Kay} a2 cos ax da , 0 . 
0 . 
(22) 
<., 1~6") (KsinhKahsinhay-KsinhahsinhKay )a'sinaxda , 
v = - ~ J ~ (a) {PK sinh Kah sinh ay - KR sinh ah sinh Kay} 
E D 0 
a cos ax da , 
u = ~ 1 ~g> (RK sinh Kah cosh ay - P sinh ah co«h Kay} 
u sin ax da . 
SPECIAL CASES 
Types of surface loads. 
In order to evaluate any of the values in Eqs. (21) and (22) the 
transform Q (a), given by Eq. (19), must be obtained for the given sym-
metrical loading, q (x). The following types are given. 
-2qo (a) Q(a) =---{cos a(a+ b)- cos abf,---isosceles trapezoid, 
rraa4 
(b) Q (a) = 2q0/ rraa4 {1-cos aa} ,------isosceles triangle, 
(23) 
(c) Q(a) = 2q0/ n:a8{sin ab} ,.--------rectangle, 
(d) Q (a) = W / n:a2 , oncentrated load W , 
( e) Q (a) = q0; 2,a { y n: e-ci'/4.B'},. normal distribution loading. 
In each of the preceeding cases, q0 is the maximum ordinate of the dis-
tributed loading. In (a) the isosceles trapezoid has its bases 2 (a+b) and 
2b; the isosceles triangle of (b) is the special case of (a) when b is zero, 
and the rectangle of (c) is the special case of (a) when a is zero. The 
concentrated load of (d) is a limiting case of (c). The normal distribu-
tion loading is represented in type ( e) . 
Semi infinite layer. 
The results for a semi infinite orthotropic layer in plane strain may 
be derived from either of the preceeding cases by translating the origin 
to the top surface, allowing h to increase indefinitely and reversing the 
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direction of the y axis. The limiting value of the stress crx in the first 
of Eqs. (22) becomes 
· 1Q(a) {Ke-Kah -ah -ay_K2e-Kah -ah -Kay 
'1x = hm }a2 cos ax da b~oc Ke-ah -Kah -e-ab -Kah 
0 
Similarly 
(24) 
Ev =K KJ. :(a) (Pe-0 ' -Re-•~) a co• ax da. 
Isotropic plane deformation. 
When k 2 = 1 all the preceeding results reduce to those for plane 
strain or plane deformation in an isotropic medium. Eqs. (21) then 
become those obtained by several writers1• The isotropic case for a 
smooth base is obtained from Eqs. (22) and confirm the results found by 
Melan2 • The isotropic semi infinite case is deduced from Eqs. (24) by 
the limiting values when K~l and yields the results of Boussinesq. 
For example 
(25) 
'1x = {Q (a) e-aY (l+ay) a2 cos ax da . 
.J 0 
-Px2y 
:n: (x2+y2) 2 
for the particular case of a concentrated load P at the origin. 
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Relation with plane stress. 
In plane stress or generalized plane stress Oz = 0. By comparing 
Eqs. (1) with o. = 0 with the corresponding Eqs. (2), one may make the 
transition from plane stress to plane displacement by replacing 
Ex,...., Ex/ (1-Vx2) , Vx,...., Vx (l+vx) / (1-VxVy}, 
(26) 
Ey,...., Ey/ (1-VxVy} , Vy,...., Vy/ (1-v,,:). 
H. Okubo8 has solved the generalized plane stress problem for case 
(b) employing the shear modulus 
(27) 
ExEy 
G=-------
Ex + Ey (1 + 2vy) 
By the substitutions of Eqs. (26) one may readily show that G of Eq. 
(27) becomes G of Eq. (7). The fact that the stresses in Eqs. (22) may 
be derived from the corresponding results of Okubo by the substitutions 
of Eqs. (26) has been confirmed. The corresponding results for the 
Orthotropic Plane Stress Problem of Case (a) are the following: 
Ox= kf ~(a) {Ni (Pi cosh ay - Rik2 cosh kay) - Mi (Ri sinh ay -
Ai 
0 
-Pik sinh kay) }a2 cos ax da, 
Oy = -f Q (a) {Nik (Pi cosh ay - Ri cosh kay) -Mi (Rik sinh ay -
Ai 
0 
-P sinh kay) }a2 cos ax da, 
(28) 
l'xy = kf ~(a) {Ni (Pi sinh ay - Rik sinh kay)-Mi (Ri cosh ay -
Ai 
0 
-Pi cosh kay) }a2 sin ax da, 
Ev= -kf ~(a) {Ni (P12 sinh ay - kR12 sinh kay)- MiRiPi (cosh ay -Ai 
0 
- cosh kay) } a cos ax da, 
Eu 1~ (a) {N1PiRik (cosh ay - cosh kay)-Mi (Ri2k sinh ay -
Ai 
0 
- P 12 sinh kay) }a sin ax da, 
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where 
P i =k2 (l+v) , 
Ri = 1+vk2, 
Mi = Pi sinh ah - Rik sinh kah, 
Ni = Ri cosh ah - Pi cosh kah, 
303 
Ai= kNi (Pi cosh ah - Ri cosh kah)-Mi (kRi sinh ah -Pi sinh kah). 
The case of plane stress, Eqs. (28), reduces to the case of plane strain, 
Eqs. (21), by the use of Eqs. (26). When k ~ 1 it can be shown that 
Eqs. (28) reduce to the results obtained by Marguerre.4 
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EFFECT OF pH ON THE TOXICITY OF NICOTINE INJECTED INTO 
THE COCKROACH PERIPLANETA AMERICANA (L) 1 
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When organisms, tissues or cells are separated by intact surface 
membranes from an outside solution containing alkaloid molecules and 
ions, the molecules generally enter the protoplasm more rapidly than 
the ions. If, however, the solutions are introduced by injection or other 
means, directly beneath the body surfaces of organisms, or beneath tissue 
or cell membranes, physiological action is usually more rapid, and differ-
ences between the response to molecules and ions are often less evident. 
The results obtained by investigators of this subject, however, are not 
in agreement; some contend that there is no difference between the effects 
of injected alkaloid molecules and ions, others that a pronounced differ-
ence is manifest. 
The investigation reported here is an attempt to show whether there 
is a difference in the reactions of cockroaches to molecular and ionic 
nicotine when solutions of various pH values are injected into the body 
cavities of these insects3• 
PLAN OF EXPERIMENTS 
Two types of experiment were employed in this investigation. The 
first was designed to test the mortality resulting from injection of a 
series of relatively large doses of nicotine at three hydrogen ion concen-
rations. The criterion of death was the inability of the injected insects 
to crawl 24 hours after treatment. This criterion proved to be a reliable 
estimate of death or recovery, for the roaches that did not recover com-
pletely in 24 hours invariably failed to recover later. 
Since speed of toxic action could not be evaluated from the above 
experiments, a second type of experiment was planned for this purpose. 
Sublethal doses of nicotine at three hydrogen ion concentrations were 
injected into roaches, and the times elapsing between treatment and 
complete paralysis of the legs, and between treatment and recovery of 
the legs were observed. 
1 Journal Paper No. J-763 of the Iowa Agricultural Experiment Station, Ames, 
Iowa. Project No. 137. 
•Formerly Fellow, Rockefeller Fluid Research Project No. 9, Iowa State College, 
and later Assistant Entomologist, Louisiana Agricultural Experiment Station, Baton 
Rouge, Louisiana. Deceased October 21, 1939. 
' A preliminary account of this investigation has already appeared (7) . The pres-
ent article gives the experimental basis for the conclusions reached, and includes a 
more critical analysis of the data. 
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MATERIALS AND METHODS 
The nicotine used in these experiments was a redistilled product 
which contained 99 per cent of the alkaloid. The pH of the nicotine solu-
tions was determined electrometrically by means of a glass electrode 
apparatus. Solutions with pH values lower than that of the base were 
obtained by adding to the latter the necessary quantity of 0.01 M sul-
phuric acid solution. 
Only active adult cockroaches, Periplaneta americana (L.} were em-
ployed. The 233 males weighed from 0.55 gram to 1.47 grams, the mean 
weight being 0.89 ± 0.014 gram; the 490 females weighed from 0.65 gram 
to 1.72 grams with a mean weight of 1.05 ± 0.01 grams. 
The injections were made with a 0.1 cc. micropipette calibrated in 0.01 
cc., the delivery end of which was drawn out to a needle-like point. To 
the opposite end of the pipette was attached a short length of rubber 
tubing which served as a mouthpiece. This type of pipette eliminates un-
necessary connections in which gas bubbles are likely to form and inter-
fere with quantitative deliveries. 
Injection was accomplished by holding the roach loosely between the 
thumb and first two digits, ventral side up, with the anterior end of the 
insect directed toward the worker. One of the posterior legs was held 
in a bent position between the side of the thumb and the index finger, 
thus exposing the conjunctiva at the distal end of the coxa, into which the 
injection was made. When the injection was correctly performed, no 
liquid escaped from the wound; if, however, liquid did escape, the roach 
was discarded. 
Each roach was injected with 0.05 cc. of nicotine solution, the tempera-
ture of which was 23°±1° C. After injection, the insect was weighed and 
placed in a small glass cage for observation. 
RESULTS OF MORTALITY EXPERIMENTS 
Solutions of 5 nicotine concentrations were injected into roaches in 
the manner described. The pH values for the solutions were: 0.05 M pH 
9.3 (base), 7.4 and 2.8; 0.02 M pH 9.2 (base), 7.2 and 2.6; 0.013 M pH 9.1 
(base), 5.0 and 3.0; 0.01 M pH 9.0 (base), 7.5 and 3.0; 0.0075 M pH 8.8 
(base only). Such concentrations of nicotine produce paralysis of the 
legs almost immediately after injection. 
Control roaches injected with 0.05 cc. of distilled water showed no 
harmful effects, except, perhaps, a slight sluggishness which passed off in 
a short time. Furthermore, roaches injected with 0.05 cc. of a sulphuric 
acid solution, equal in acid concentration to that of the most acid nico-
tine sulphate solution employed, exhibited a noticeable irritation of the 
injected leg, but suffered no prolonged harmful effect. 
Each injection increased considerably the liquid volume of the in-
sect's body. The blood volume of P. americana is not known, but that of 
a smaller related species, P. fuliginosa (Serville), is about 0.069 gram 
• Standard error of the mean. 
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per gram of body weight (24). If, as appears reasonable, P. americana 
possesses a similar relative blood volume each injection added about 75 
per cent to the normal liquid content of the insect's body, and assured 
rapid diffusion. of the injected nicotine. 
The results from the male and female roaches are given in figures 
1 and 2 respectively. The mean percentage of mortality for each sex was 
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F:rc. 1. Mortality curve for males. Each point on the curve represents the mean 
percentage mortality of a group of 5 to 23 insects. Each insect was injected 
with 0.05 cc. of nicotine solution. 
first determined for each nicotine concentration injected without regard 
to the pH value; the doses of nicotine were calculated as the mean quan-
tity injected in milligrams per gram of body weight, again disregarding 
the pH of the solutions. These values were then used to calculate a re-
gression line by the method of Bliss (2). The chi-square test showed that 
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the fit of the observed to the calculated values was adequate. In figures 
1 and 2, the regression lines, which constitute a least mean square fit to 
the observed mean values, are drawn on logarithmic-probability paper, 
the plotted points being the observed mean percentages of mortality cor-
responding with the mean doses of injected nicotine for each pH value. 
Since the weights of the roaches varied among the samples, the observed 
doses of injected nicotine for a given pH level are not quite equal. 
The toxicity data for the males are not arranged in a definite manner 
corresponding with the pH values of the solutions, but are quite random. 
Furthermore, most of the points in the central portion of the graph (fig. 1) 
lie within a zone, described by dotted lines on either side of the regression 
line, in which the chances of random occurrence are 95 in 100. The varia-
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Frc. 2. Mortality curve for females. Each point on the curve represents the mean 
percentage mortality of a group of 15 to 48 insects. Each insect was injected 
with 0.05 cc. of nicotine solution. 
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tion in the percentages of mortality in this population appears therefore 
to be due to chance rather than to differences in the hydrogen ion con-
centration of the injected solutions. 
The mortality data for the female roaches (fig. 2) were treated in 
the same manner. The experimentally determined points do not lie so 
closely to the regression line as those in figure 1, since in the region of 
1 to 95 per cent mortality 4 of the points lie well outside the zone in which 
the chances of occurren'c:e on the basis of random sampling are 95 in 100. 
Furthermore, 3 of these points represent the lowest mortality and lowest 
pH value for their respective levels of nicotine dosage. If this indicated 
an actual association of low toxicity with low pH, one would expect the 
percentages of mortality for the intermediate pH values (pH 7.2-7.5) to 
occupy an intermediate position. This is not the case, however; the mor-
tality points for the intermediate pH values are quite random with re-
spect to position between the high and low pH values at any level of 
nicotine dosage. 
A comparison of figures 1 and 2 reveals a sex difference in mortality. 
The line for the females is displaced somewhat to the right of the line for 
the males, indicating that the female roaches were more resistant than 
the males to the injected nicotine. The median dosage in milligrams per 
gram of body weight for 50 per cent mortality is 0.107 for the females and 
0.084 for the males. 
RESULTS OF PARALYSIS EXPERIMENTS 
Cockroaches were injected with solutions of 0.001 M nicotine base, 
pH 8.3, and with nicotine sulphate solutions of the same molar alkaloid 
concentration, but with pH values of 6. 7 and 2.8. Forty roaches were 
used in testing each solution, each insect receiving 0.05 cc. of a solution 
as in the previous experiments. This concentration was not sufficient to 
cause death, yet it usually produced complete paralysis of the legs which 
passed off after a time. In some cases, however, the first pair of legs did 
not become paralyzed. 
Since injection was made into the base of one member of the third 
(posterior) pair of legs, paralysis of this pair occurred first. Then the 
second and first pairs of legs became paralyzed in the order given. The 
results of these tests for the males and females are shown in figures 3 and 
4 respectively. 
No constant differences were found between the pairs of legs, either 
in paralytic or recovery time, which could be related to the pH of the 
solutions. Since a sex difference was observed in the mortality experi-
ments, and furthermore, since the mean values plotted in figures 3 and 4 
might obscure important differences, a more sensitive analysis of the 
data was undertaken. For this purpose, the data for the second pair of 
legs were chosen because the action of nicotine on these appendages was 
most uniform and complete (table 1). The data for the first pair of legs 
were ruled out owing to occasional failure of paralysis; that of the third 
pair because paralysis of the injected member was sometimes prolonged 
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TABLE 1. Effect of pH on paralytic and recovery times of 
cockroaches injected with nicotine 
Mean time to paralysis Mean recovery time 
No. No. Secs. Mins. 
males females 
injected injected Males Females Males Females 
13 27 25.7 23.7 12.5 13.0 
10 30 23.8 21.6 13.8 13.0 
17 23 19.9 21.5 14.7 13.1 
• Each insect was injected with 0.05 cc. of a 0.001 M nicotine solution into the 
base of a member of the posterior pair of legs. 
••Free base. 
and readings were recorded only from the uninjected member. The 
problem was one of analyzing the variance in a table of multiple classifi-
cation. The mathematical requirements of such a problem demand that 
the frequencies of the sexes be equal or at least proportional. The experi-
ments were well under way, however, before the possibility of a sex dif-
ference was realized, and the numbers of male and female insects finally 
used were neither equal nor proportional. A method for the analysis of 
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disproportionate subclass numbers in a table of multiple classification 
(Snedecor and Cox, 22) was therefore chosen. Calculation of x2 , to test 
the agreement of the actual with the expected numbers, gave a value 
which corresponded with a probability of 0.20 indicating a reasonable ap-
proach of the actual to the expected proportional numbers. 
TABLE 2. Analysis of variance of paralytic and recovery times of cockroaches 
injected with nicotine 
Mean square 
Degrees For time For 
of to paralysis recovery time 
Source of variation freedom Secs. Mins. 
Between means of subclasses ........ 5 65.91 8.47 
Between means of sexes 
················ 
1 20.88 10.48 
Between means of pH values ........ 2 115.18'* 6.57 
Interaction ............................................ 2 39.15 9.36 
-
Within subclasses ...................... .......... 114 23.96 8.97 
** Highly significant difference. 
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The analysis of the mean times for paralysis of the second pair of 
legs is summarized in table 2. The mean square of the variation between 
pH of the solutions is significantly larger than the mean square of the 
variation within the subclasses. Table 1 shows that a decrease in mean 
paralytic time for both males and females accompanies the decrease in 
pH of the solutions. The greatest differences are found in the column 
for the males; but the trend of the values for the females is in the same 
direction. The results are definitely against the hypothesis that injected 
alkaloid molecules are more active in the cockroach than injected ions. 
It is believed that these results represent the slightly accelerating effect 
on paralysis of the sulfuric acid in the solutions. A difference in paralytic 
time, associated with sex, is not indicated by this analysis. 
Table 2 also presents the analysis of the mean times for recovery of 
the second pair of legs. No significant differences attributable either to 
pH of solutions or to sex are indicated by this analysis. 
DISCUSSION 
The solutions injected varied considerably with respect to the pro-
portion of molecules and ions. Percentage dissociation was calculated 
from the equation, log a/ 1-a= (pKw-pKb)-pH, in which pKw for 
23°C. is 13.96 (Clark, 4), pKb 6.046 (Craig and Hixon, 5) the values of a 
equivalent to a/1-a being obtained from Clark's table (4, p. 677). For 
solutions of pH 9.3 to 8.8, dissociation ranges from about 4 to 12 per cent, 
for those of pH 7.5 to 7.2 about 72 to 81 per cent, for those of pH 6.7 to 5.0 
about 92 to 99.9 per cent; while in solutions of less than pH 5.0, the nico-
tine is almost completely ionized. Yet notwithstanding the diversity in 
molecular and ionic content, the toxic and paralytic effects produced by 
solutions of equal nicotine concentration were the same or very similar. 
The effects of nicotine by injection have been studied previously on 
several species of insects. Michalsky (17) injected solutions of various 
concentration into cockroaches, observing a progressive paralysis of 
the legs closely resembling that described in this paper. Becker (1) de-
scribed the effects produced by injecting nicotine base into the pericar-
dia} cavities, head ampullae and intestines of grasshoppers. Campbell 
(3) determined the median lethal dose of nicotine base by injection for 
the fifth instar silkworm (Bombyx mori L.) as about 0.0015 milligram 
per gram of body weight. Levine and Richardson (13) observed the 
synergistic effect of some inorganic salts on the paralytic action of nico-
tine base when injected into the posterior leg of Periplaneta americana. 
None of these workers concerned themselves with the pH of the injected 
solutions. 
Two papers, which relate to the effect of the pH of injected nicotine 
on insects, have been found in the literature. Hockenyos and Lilly (12) 
injected nicotine sulphate solutions of various pH values into larvae of 
the white-lined sphinx, Celerio lineata Fab. The observed differences in 
effect were slight. Mclndoo (15) administered nicotine and nicotine sul-
phate solutions to adults of the black blowfly, Phormia regina Meig., each 
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fly receiving 1.25 cu. mm. of a solution which contained 0.25 per cent 
nicotine. The pH of the solutions was not recorded. The criteria of 
effect were "first reaction time," the period after injection before ap-
pearance of the first signs of life, and "revival time," or the period after 
injection before the insect was able to get upon its feet. With these 
criteria as a basis, nicotine proved significantly more toxic to the females 
than nicotine sulphate. The data for the males were less extensive and 
the differences less striking, yet they pointed in the same direction. 
Phormia males were always more susceptible to injected nicotine than 
females of the same age. 
Investigators are not agreed with respect to the relative effect of the 
free bases and salts of alkaloids when they are injected into vertebrate 
animals. Moore and Row (18) compared the toxic action of free nicotine 
and nicotine hydrochloride on the frog after subcutaneous injection, mus-
cular paralysis and blood pressure furnishing the indexes of toxicity. The 
free base was noticeably more toxic than the salt; and the authors con-
cluded that the former is alone responsible for the observed effects, the 
salt becoming active only as the base is liberated from it by reaction with 
the blood and lymph. The results of Macht and Craig (14) from the in-
traperitoneal injection of the green frog with free nicotine and nicotine 
hydrochloride confirm those of Moore and Row. Paralysis and character-
istic posture were employed as criteria of effect. In addition, Macht and 
Craig found nicotine base more toxic than the hydrochloride when in-
jected intramuscularly and intraperitoneally into rats and mice, and in-
travenously into cats, survival time being the criterion of effect. With 
reference to these results, the authors comment as follows: "The marked 
difference between the alkaloid nicotine and its salts is especially inter-
esting when compared with the relative effects of certain other alkaloids 
and their salts, which were used as controls. We have made comparative 
pharmacological studies with solutions of atropine and atropine sulphate, 
cocaine and cocaine hydrochloride and strychnine (alcoholic solutions) 
and strychnine sulphate and found that those alkaloids did not differ sub-
stantially in toxicity from their salts." 
Some other investigators have failed to show a significant difference 
in the action of alkaloid bases and salts after injection into vertebrate 
animals. Sollmann (23) observed that the anesthetic properties of co-
caine hydrochloride and novacaine6 were not increased by the addition 
of sodium bicarbonate when solutions of these alkaloids were injected 
subcutaneously in man. Meeker (16) obtained similar results from en-
dermic injection of novocaine into man. Dierks (6) states that alkaloid 
salts, by subcutaneous injection or by administration per os, maintain 
the same activity either with or without the addition of sodium bicarbon-
ate. Gwinn and Ferber (10) found that alkaline and acid solutions of 
novocaine had exactly the same effect on the cat when administered by 
rapid intravenous injection. However, in mice by subcutaneous injection, 
• Novacaine or procaine is the hydrochloride of p-aminobenzoyldiethylaminoe 
thanol. 
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novocaine solutions alkalized with sodium bicarbonate, produced greater 
toxicity. Gardner and Semb (9) express the belief that when a local 
anesthetic is injected into an organism, the pH of the solution will be 
adjusted by the buffer action of the body fluids; but that such an adjust-
ment will not take place when injection is made into an isolated nerve. 
Their tests on ten local anesthetics injected into sciatic-gastrocnemius 
preparations of Rana pipiens showed that the bases alone were active. 
It is difficult to harmonize the results of some of the previous in-
vestigations with those described here. In certain instances differences 
in organisms and techniques are apparently sufficient to account for the 
observed differences in toxic effect. Since organisms are often quite un-
like in susceptibility to the same poison, it is also possible that there are 
differences among organisms with respect to susceptibilty to molecules 
and ions of a given concentration of a single poisonous compound. Possibly 
the site of injection may alter the speed of toxic action; if injection is made 
into a region restricted by membranes, the molecules will diffuse rapidly 
across the membranes while diffusion of the ions will take place much 
more slowly; if the same compound is injected directly into the body 
cavity or into the blood stream, the molecules and ions may be quickly 
distributed throughout the body and fail to manifest a difference in toxic 
effect. Again the buffer systems of certain organisms may change rapid-
ly the pH of such weak bases as novocaine and cocaine to a nearly uni-
form value within the body, whereas the pH of a stronger base like nico-
tine may not be altered so rapidly6• It seems that much more information 
must be available before these differences can be explained. 
On the other hand, there is rather general agreement that alkaloids 
penetrate intact normal organisms as free bases rather than as ions 
(Hober, 11). This seems to be true of nicotine when speed of penetration 
into several species of insects is measured by survival time (20, 21), and 
when penetration into the goldfish Carassius auratus L. (8), is measured 
either by survival time or by the rate of accumulation of the alkaloid in 
the body. 
SUMMARY 
To determine whether molecular nicotine is more effective than 
ionic nicotine when injected into the American cockroach, Periplaneta 
americana (L.), relatively large doses and sublethal, paralytic doses of 
the alkaloid at several hydrogen ion concentrations were administered to 
adult insects. Injection was made into the body cavity by puncture at 
the base of a posterior leg, the method resembling intraperitoneal in-
jection of vertebrate animals. 
No significant difference was observed in the mortality from rela-
tively large doses of injected nicotine that could be related to the pH of 
the solutions; nor did the paralytic and recovery times after injection of 
•See Pearson and Richardson (19) for a brief reference to this subject, based 
upon experiments with arsenious acid solutions administered per os to adult house-
flies. 
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sublethal doses vary consistently, throughout the experiments, with the 
hydrogen ion concentration. Such differences as did occur did not sup-
port the hypothesis that injected nicotine molecules are more active than 
injected ions. 
Male cockroaches are more susceptible than the females to large 
doses of injected nicotine; but no sex difference was observed in the re-
action times or recovery times of insects injected with sublethal, paraly-
tic doses. 
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Becker and Morehouse (1937) suggested the name coccidibios for a 
"hypothetical coccidium stimulant," occurring in "many materials used 
as food for animals." The increased number of oocysts of Eimeria nie-
schulzi eliminated when certain feeding stuffs were included in the ration 
of the rat, and the resulting depression in numbers when these materials 
were either omitted or replaced with certain substitutes, suggested the 
existence of such a substance. The parasite-restricting effect exhibited by 
certain diets was tentatively explained by "the absence from the diet of 
a peculiar nutrient of the coccidium." The hypothesized material was 
declared to occur in connection with vitamins Band G, and to be thermo-
stable. Obviously the hypothesis required further testing, and it was 
promised in a recent paper (Becker and Waters, 1939) that it would be 
made the central problem for future investigation. 
A series of papers (Becker and Derbyshire, 1937, 1938; Becker and 
Waters, 1939) has brought out that feeding stuffs, tested in a basal ration, 
exhibit a wide spread of Eimeria nieschulzi-growth-promoting potency; 
for example, the potency of soy bean oil meal with 44.3 per cent protein 
fed at the 10 per cent level was measured by the factor 0.51, while wheat 
flour middlings (gray shorts) with 17.1 per cent protein and fed at the 
30 per cent level was rated 2.65. It is of fundamental importance at the 
start of an investigation of this nature to clarify the two following con-
siderations: Is the disparity in behavior exhibited by such materials as 
soy bean oil meal and gray shorts due to positive properties possessed by 
the oil meal or by the shorts? Does the oil meal supply a depressant, or 
do the shorts provide materials or conditions that encourage more abun-
dant life for the protozoon in the rat's intestine? 
The procedure outlined elsewhere (Becker and Derbyshire, 1937) 
was followed in general, but was modified when considered expedient. The 
life cycle of the parasite has been outlined in the paper cited, but in detail 
by Roudabush (1937). The infection culminates in the production of 
oocysts which are eliminated in the faeces of the host within a period of a 
few days after their appearance in the intestinal wall. The evolvement of 
the sexual forms from the last generation schizonts and the subsequent 
development of the oocysts terminates the infection (see Roudabush, 
1937) and makes it a fairly safe presumption that oocyst counts are a 
reliable criterion of the extent of multiplication of the parasite in the host. 
[317] 
318 ELERY R. BECKER 
EXPERIMENT 1. Ration 1 (R1) and Ration 2 (R2) (see table 1) 
were fed to separate groups of young rats for 9 days. At the end of the 
ninth day and on the twelfth day each rat was inoculated directly into 
the stomach with 2,000 sporulated oocysts of Eimeria nieschulzi. Col-
lections of the oocysts were made over a period of eight days, commencing 
early the morning of the seventh day. Oocyst counts were made by the 
dilution method. The rats were weighed individually on the day they 
were started on the test rations, and again on the ninth and sixteenth days. 
TABLE 1. Composition of rations used in Experiments 1 and 2 
Feeding stuff Ration 1 Ration 2 Ration 3 Ration 4 Ration 5 Ration 6 
(R.) (Ra) (Ra) (R.) (R,) (R.) 
Beet sugar 36 46 41 44 71 42 
Casein 15 15 10 17 10 9 
(commercial) 
Normal salts 4 4 4 4 4 4 
(Harris) 
Lard 3 3 3 3 3 3 
Cod liver oil 2 2 2 2 2 2 
Gray shorts 30 30 30 30 - 30 
Soy bean oil 
meal 10 - 10 - 10 10 
As shown in table 2, two trials with Rations R1 and R2 showed that 
the former, which contained 10 parts of oil meal and 30 parts of shorts, 
did not condition the host for the development of a significantly lesser 
number of oocysts than the latter, which contained 30 parts of shorts. Ra 
and R 4 (see table 1) were planned so that the total protein content would 
be approximately the same. Two tests with these rations likewise showed 
clearly that the presence of the soy bean in the ration did not inhibit para-
site development. 
EXPERIMENT 2. Two rations, R 5 with 10 parts soy bean oil meal and 
Ra with 10 parts of the oil meal and 30 parts gray shorts, were tested simul-
taneously for their respective coccidium-growth-promoting potencies. In 
two trials Ra showed better than 3: 1 superiority, constituting proof that 
the wheat product in some manner or other conditioned the host for better 
development of the final stages of the parasite than did the soy bean oil 
meal. 
Since the shorts contained decidedly more of the positive factor, the 
adoption of R 5 as the control or reference ration was indicated. The lot 
of shorts used in this test was used for extracts. 
EXPERIMENT 3. Ether, 96 per cent alcohol, petroleum ether, and 
water were the solvents used for extracting gray shorts. The test ration 
in each case consisted of the control ration supplemented with extract 
equivalent to 30 grams of shorts for each 100 grams of the ration. The 
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TABLE 2: Mean weight gains and oocyst counts fOT lots of rats on test rations 
Mean 
Experi- No. initial Wt. 
ment Trial Ration Rats (grams) 
1 R, 4 70 
R. 4 70 
2 Ri 4 69 
1 R. 4 69 
3 R, 5 72 
R. 5 73 
4 R, 7 69 
R. 7 69 
1 R, 5 74 
' 2 R. 5 74 
2 R, 12 70 
R. 12 69 
1 R.+EE• 4 61 
R, 3 68 
2 R.+EE• 3 59 
R, 2 68 
3 R,+AE• 3 54 
R, 3 56 
4 R,+AE• 3 72 
R. 3 74 
5 R,+AE• 3 74 
R, 3 74 
3 6 R,+.PE* 3 72 
R, 3 73 
7 R,+PE* 5 64 
R. 5 65 
8 R.+WE* 6 71 
R, 6 70 
9 R,+AWE* 3 62 
R, 3 59 
10 R,+AWE* 7 70 
R, 8 72 
11 R,+AE+ 
EE+PE 4 74 
R, 4 73 
*Note: E.E.-Ether extract of gray shorts. 
A.E.-96% alcohol extract of gray shorts. 
P.E.-Petroleum ether extract of gray shorts. 
W.E.-Aqueous extract of gray shorts. 
A.W.E.-Autoclaved water extract of gray shorts. 
16-day Mean 
Wt. gain number oocysts 
(grams) (millions) 
59 119.0 
53 155.0 
56 190.2 
67 182.5 
70 112.0 
73 103.8 
71 129.6 
72 104.4 
25 146.4 
64 451.2 
23 105.5 
55 373.3 
16 121.0 
11 220.7 
18 135.2 
24 220.0 
46 164.0 
24 201.0 
39 77.7 
20 156.3 
55 164.0 
37 201.0 
23 101.7 
17 119.0 
17 64.0 
16 54.0 
36 I 152.0 19 160.0 
27 48.0 
21 24.0 
30 206.0 
20 111.0 
-
- 86.8 
- 146.8 
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extracts were reduced in volume under reduced pressure, and dried onto 
the mixture of sugar, salts, casein, and oil meal in an oven at a temperature 
of 55°C. Lard and codliver oil were added just before the rations were 
fed. The size of the infecting doses was not the same in all experiments, a 
fact which accounts in part for the variation in counts. Another factor 
was the age of the culture. 
A glance at table 2 shows that oocyst production was not promoted by 
ether extract, alcohol extract, and petroleum ether extracts. In fact, the 
counts for the rations supplemented with ether and 96 per cent alcohol 
extract were decidedly lower than for the control ration, and depression 
of oocyst production is indicated. Perhaps the explanation is to be found 
in the thiamin chloride content of the extracts (Becker, 1939). Likewise, 
a supplement consisting of a mixture of the 3 extracts, each with the same 
shorts equivalent as before, depressed oocyst counts (Trial 11). 
The aqueous extracts were difficult to prepare on account of difficulty 
in clearing them of turbidity. Extract WE was prepared by boiling a 
weighed amount of shorts with a liberal amount of water for half an hour, 
and filtering out as much as possible of the solid material with six layers 
of cheese cloth. After repeated high-speed centrifuging a solution with 
very little turbidity was obtained. When this was concentrated under re-
duced pressure a flocculent material separated out. The clear fluid was 
drawn off and used for the extract. 
Since in one experiment increased rat growth was attained with ex-
tract WE, but not increased oocyst production, another similar extract 
A.W.E. was prepared, except that in this case the shorts mixed with hot 
water to form a thin gruel were autoclaved for 4.5 hours at 120°C. before 
the separation was made. Two tests showed almost twice as much coc-
cidium development in the rats that received this extract as in the con-
trols onR5. 
SUMMARY 
(1) The disparity between the number of oocysts of Eimeria nie-
schulzi eliminated by rats on basal ration supplemented with soy bean oil 
meal and on basal ration supplemented with wheat shorts of comparable 
protein content is probably to be attributed to the positive coccidium-
growth-promoting potency of the middlings rather than to positive sup-
pressive action of the soy bean oil meal. 
(2) Ether, alcohol, and petroleum ether extracts of gray shorts did 
not promote the development of the protozoon. 
(3) Autoclaved mixtures of shorts and water yielded an extract that 
exhibited coccidium-growth-promoting potency. 
(4) The substance (or substances) favoring the development of the 
parasite when added to the particular reference ration (R5) used is 
water-soluble and heat-stable. 
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Pachynomus africanus, n. sp. 
Dark brown, the vertex, pronotum, and apical marking of femora 
sometimes brownish black; the apical part of head, the collum, rostrum, 
antennae, tibiae and tarsi testaceous to fuscotestaceous; the coxae, tro-
chanters, basal half of front femora, and basal two-thirds of middle and 
hind femora pale to golden testaceous. Somewhat dull and opaque; the 
legs and antennae with extremely fine, sparse pubescence. Pronotum, 
scutellum, hemelytra, and body beneath coarsely punctate throughout. 
Head, measured to collum, longer than broad (28: 23) ; vertex strongly 
arched, narrow (9) , punctate down the middle and at base; gula wide, 
somewhat swollen, with a short, seta-like spine ventrad to base of anten-
niferous tubercule. Eyes fairly large, elongate-oval as seen from above; 
proportions, length: width: depth= 12: 7: 13. Antennae slender, segment 
I stout, II and III subequal in thickness; proportions, 9: 29: 25: 29: 34. Ros-
trum stout, segments II and III subequal, each one-half longer than IV. 
Pronotum broader than long (54: 32), somewhat flat and not especially 
arched; the lateral edge distinctly margined and feebly convex, not sinu-
ate; the disc irregularly, rugosly punctate throughout; the hind margin, 
broadly, shallowly, emarginate. Scutellum large, rugose. Hemelytra not 
covering abdomen, strongly coriaceous and roughly sculptured to granu-
lar, the veins raised and prominent; membrane fuscous brown, just attain-
ing apex of abdomen, with a single vein arising from the outer of the two 
closed cells. Anterior femora very stout, only about twice as long as 
greatest diameter (50: 25), the inner edge almost straight and armed with 
a multiple row of short, piceous peg-like teeth and a row of long, seta-like 
spines. Anterior trochanters large, with several stout teeth in front. An-
terior tibiae bowed, dentate within, and provided with a small apica1 pad. 
Intermediate femora only moderately swollen, armed on inner surface 
both in front and behind with teeth and spines, their tibiae strongly setose 
within. Meso-sternum swollen. Metapleuron as broad as long, strongly 
transversely rugose, without ostiole. Abdomen widened, the connexiva 
exposed from above. Venter strongly rugulose, segments two to six each 
with an extremely long fine hair arising from a papilla near its middle, 
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those on each side placed in an oblique line which runs outward to apex 
of connexivum. 
Length: 8.18 mm. Width: pronotum, 2.27 mm.; abdomen, 3.13 mm. 
Holotype: N. Nigeria, S. E. Kano, Azare, 1925, Dr. L. Lloyd (Br. 
Museum). Paratype: three specimens (females?) taken with type (Brit-
ish Museum and author's collection). 
This species belongs to the subgenus Punctius Stal. In general color 
and in markings of the legs as well as in many other ways it resembles 
Pachynomus (Camarochilus) americanus Harris and P. confusus Har-
ris. Apparently the specimens in the type series are all females; however, 
due to the short series it has not been felt advisable to sacrifice a speci-
men for dissection to make certain of this point. 
Prostemma amyoti Reuter 
1909 Prostemma amyoti Reuter, Acta Soc. Sci. Fenn., 37(2):17. 
A macropterous female from Senegal, and belonging to the Deutsche 
Entomologische Museum, was determined by me as this species in 1935. 
There is now at hand a macropterous female, from N. Nigeria, Azare, 
1925, Dr. L. L. Lloyd (British Museum collection), that is tentatively 
referred to amyoti. Apparently the species is closely related to Prostemma 
breddini Poppius and Prostemma falkensteini Stein and it will be neces-
sary to have specimens in series and especially males to establish the 
specific limits of the three forms. 
Prostemma belidis, n. sp. 
Oblong, slender, narrowing somewhat anteriorly; strongly setose; 
shiny, the hemelytra and scutellum duller; pronotum and abdomen 
strongly punctate. Fuscous black to piceous, the anterior lobe of pro-
notum rufo-piceous, the posterior lobe and scutellum red. Clavus testa-
ceous; the basal part of embolium, a narrow streak on corium next clavus, 
a transverse fascia entirely across corium before its apex, a small triangle 
in outer .basal angle of membrane and a large spot at apex of membrane 
white. Antennae testaceous, the distal segments fuscQtestaceous. Legs 
piceous, all trochanters, the basal third of anterior femora and basal half 
of middle and hind femora, and apices of all femora pale testceous. Thorax 
beneath rufous, the venter piceous. Head faintly broader than long 
(22: 20), the vertex wide (8), smooth, shiny. Eyes dark, variegated; pro-
portions, 10: 8: 12. Antennae clothed with short, semi-erect hairs, the 
distal segments also with fine pubescence; segment I surpassing apex of 
head; proportions 6: 4: 17: 17: 16. Rostrum piceous, stout, reaching be-
tween front coxae; proportions, 12: 15: 5. 
Pronotum subequally as long as broad (35: 36), the posterior lobe 
and the sides and front of anterior lobe thickly, coarsely punctate; the 
smooth disc of front lobe longitudinally sulcate in the middle; the sides 
feebly margined. Scutellum punctate, the apex shiny. Hemelytra reduced, 
strongly narrowed backwards from the embolial fracture (at about basal 
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segment of abdomen), the membrane long and very narrow, slightly longer 
than corium (35: 30) and only slightly overlapping. Abdomen strongly 
pilose and setose above, the connexivum semi-vertical. All femora stout, 
setose, unarmed, the anterior ones only about twice as long (measured 
within) as deep (24: 11). Front tibia testaceous, stout, serrately denticu-
late within, the apical pad fairly long (8) ; coxae piceous. Ostiolar channel 
shiny, wide, somewhat triangular. Venter thickly pubescent and setose. 
Length: 6.52 mm. Width: pronotum, 1.52 mm.; abdomen, 2.0 mm. 
Holotype: female, Domira Bay, Nyasaland, Africa, 1670 ft., March 10, 
1915, Dr. W. A. Lanborn (British Museum). Paratypes: four females 
taken with the type (in collection of Br. Mus. and of author). 
This species belongs to the subgenus Scelotrichia Reuter. 
Phorticus abdominalis, n. sp. 
(Plate I) 
Small, obovate; rather thickly clothed on legs and body, except for 
median area of abdomen, with pale, semi-recumbent pubescence. Ochra-
ceous to pale-brown, the posterior lobe of pronotum except for wide 
median spot, the abdomen above except base and wide median longitudi-
nal fascia that tapers to middle of last segment, and the venter dark brown 
to fuscous black. Head somewhat embrowned around eyes and at base of 
vertex. Scutellum embrowned at the sides basally. Antennae testaceous, 
the incisures, the basal half of segment II and the base and apex of I paler. 
Legs pale testaceous, a band at the distal third of the front femora (broad-
ly widened on posterior surface) , the distal third of middle and hind fe-
mora, and the base of all tibiae fuscous brown. 
Head as long as broad (11). Vertex arched, wide (5). Eye oval, red-
dish; proportions, 5: 3: 6. Antennae pilose, segment I surpassing apex of 
head; proportions, 5: 9: 9: 9. Rostrum long, the second segment one-third 
longer than second antenna! segment. Pronotum faintly broader than 
long (21: 19), evenly arched and imperceptibly divided into lobes; sides 
faintly constricted before apex, the disc indistinctly sulcate at the middle. 
Scutellum distinctly broader than long, raised, the base impressed, bi-
foveate. Hemelytra white, greatly reduced, extending only to middle of 
first abdominal segment, the apex truncate and oblique, inner apical angle 
not attaining apex of scutellum. Abdomen shiny, tumid, apparently im-
punctate except in the incisures, the lateral edges broadly arched. Anterior 
femora strongly widened and dentate at the middle, then denticulate to 
the apex. Anterior tibiae stout, armed within. 
Length: 3.44 mm. Width: pronotum, 0.91 mm.; abdomen 1.34 mm. 
Ho"lotype, apterous female, India: Namsoo, Darjeeling, 2100 ft., XI-20, 
H. Stevens. (British Museum.) 
The apical fifth of pronotum and the median spot of the posterior lobe 
are noticeably paler than the anterior lobe; and the apices of the tibiae 
and tarsi are slightly darkened. Venter paler at base and in the middle. 
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Phorticus socialis, n. sp. 
Oblong, rather thickly clothed with short, pale pile. Buff, the head 
deep blackish brown, shiny; scutellum brown; membrane smoky brown, 
paler at margins; the cell of clavus and the two inner cells of corium whit-
ish; legs, rostrum and antennae pale testaceous to buff. Head short, broader 
than long (13: 11); vertex swollen, broad (5). Eyes dark, distinctly pilose, 
short, the proportions 6: 4: 8. Ocelli large. Antennae fairly long, darkened 
distally, segment I surpassing apex of head by nearly half of its own 
length; proportion of segments, 7: 16: 13: 13. Rostrum long, extending be-
tween hind coxae, segment III stout; proportions, 14: 10: 5. Pronotum 
much broader than long (32: 26), rather uniformly arched above, the sides 
sinuate, the transverse impression punctate, the disc of anterior lobe 
finely sulcate down the middle, the hind lobe slightly paler than front 
lobe, with an indistinct, fine carina at middle behind transverse impres-
sion. Scutellum slightly broader than long; irregularly punctate on the 
impressed basal portion, the basal foveae deep and wide apart; the lateral 
edges slightly sinuate, each with a row of six or seven large, fovea-like 
punctures. Hemelytra distinctly pilose, the veins stout, the inner ones 
paralleled by punctures basally; membrane large, faintly exceeding apex 
of abdomen, its veins stout. Connexivum shiny, semivertical, not covered 
by hemelytra. Anterior femora, measured below, more than twice as 
long as depth measured to base of large spine (20: 8), armed within on 
distal half with a single, irregular row of minute piceous denticles, the 
median angulation stout. Front tibiae strongly widened distally, the inner 
margin curved and serrate, the apical pad nearly as long as diameter of 
femur (7: 8). Mesosternum and metasternum strongly carinate, slightly 
darker than venter. Ostiolar canal broad, shiny, curved posteriorly. Pro-
pleuron produced downward into a short angulation at the hind edge of 
the acetabulum. Venter strongly pilose, the incisures punctate, the genital 
valves slightly darkened. 
Length: 4.52 mm. Width: pronotum, 1.39 mm.; abdomen, 1.60 mm. 
Holotype: Macropterous female, Brisbane, Australia, Nov. 27, 1930, 
H. Hacker, taken at light (author's collection). 
The species is unique in its more or less uniform color of pronotum, 
body and appendages, with contrastingly dark head, scutellum and mem-
brane and pale cells of clavus and corium. 
Phorticus varicolor Distant 
(Plate II) 
1919 Phorticus varicolor Distant, Ann. Mag. Nat. Hist., (9) 4: 79. 
Two specimens, Chikkaballapura, S. India, T. V. Campbell. These 
are topotypical and represent the heretofore unknown brachypterous 
form. 
Brachypterous form: Head and abdomen piceous, the latter paler 
basally. Pronotum reddish ochraceous, the humeri fuscous. Antennae 
testaceous, II darkest. Rostrum testaceous. Legs flavo-testaceous, the 
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apices of tibia faintly darkened. Hemelytra pale, the apex fuscous. An-
tennal proportions, 4: 10: 9: 11. Rostrum, 11: 10: 6. Pronotum only faintly 
broader than long (26:25), rather prominently clothed with short, almost 
erect, dark, stiff hairs; the sides broadly rounded in front, only slightly 
constricted behind the middle; the basal lobe faintly carinate down the 
middle. Hemelytra reaching the middle of first abdominal segment, not 
contiguous behind scutellum, the apex truncate and only slightly oblique. 
Abdomen thickly pilose, and strongly, coarsely punctate; the connexiva 
semivertical. Legs stout, thickly pilose and setose; the anterior femora, 
measured below, more than twice as long as deep (18: 7) , with a short, 
broad tooth at the middle and minute denticulations from there to apex. 
Anterior femora short, stout, the inner surface curved and serrately 
denticulate; the apical pad equal to length of an eye (5). 
Length: 3.7 mm. Width : pronotum, 1.13 mm.; abdomen, 1.35 mm. 
Morphotype and paramorphotype, males, topotypical (Br. Museum 
and author's collection) . 
Phorticus flavus var. breviatus, n. var. 
Oblong, rather densely clothed with pale pubescence, also somewhat 
setose. Head shiny, piceous, the apex paler, as long as broad (19). Eyes 
dark; proportions, 8: 5: 10. Pronotum broader than long (50: 45) , strongly 
rounded in front and prominently constricted behind the middle, distinctly 
irregularly punctate in the transverse impression, the sides of the front 
lobe, and the posterior lobe except at median area fuscous brown; the 
remainder ochraceous, paler in front and at middle of posterior lobe. 
Scutellum fuscous, impressed basally as in other forms, the apex rather 
broad and somewhat bifid. Hemelytra fuscous brown, darkened distally, 
the basal third of corium and basal half of clavus ochraceous; the inner 
vein of corium and the claval veins stout, paralleled by coarse punctures; 
membrane smoky black, attaining apex of abdomen. Basal antennal seg-
ment testaceous, segment II darker, stout, its length subequal to width 
of head through eyes. Rostrum pale, extending on mesosternum, segment 
III swollen; proportions, 19: 13: 7. Sides of thorax embrowned to fuscous, 
paler in front. Mesosternum strongly carinate. Venter pale testaceous, 
coarsely punctate at the incisures. Legs pale, stout; the front femora 
evenly arched above and below, as measured along lower surface only 
twice as long as thick (28: 14), armed at the middle with a very large tooth; 
front tibia curved, armed within, the apical pad in length equal to one-
half of diameter of femur. 
Length: 6.3 mm. Width: pronotum, 2.17 mm.; abdomen, 2.43 mm. 
Holotype: female, Salisbury, South Africa, 1897 (British Museum). 
The tooth on front femur is serrate in front and the femur is armed 
from it to apex with two rows of minute denticulations. 
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PLATE I. 
Phorticus abdominalis, n. sp. 
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PLATE II. 
Phorticus varicolor Distant. 
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Fly larvae, culture of, for use in maggot 
therapy, 81 
Foods, distribution of vitamins in, 103 
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Friedel-Crafts, reactions, 98 
Fungi, estimating number in soil, 50 
Fumigants, toxicity of, effect of ether on, 
405 
Functional methods, 333 
Functional method for the solution of 
thin plate problems applied to a square, 
clamped plate with a central point 
load, 333 
Functionals, use of, in obtaining approxi-
mate solutions of linear operational 
equations, 37 
Fungi associated with tree cankers in 
Iowa. II Diaporthe, Apioporthe, Crypt-
odiaporthe, Pseudovalsa and their re-
lated conidial forms, 129 
Gases, breakdown potentials of, under 
alternating voltages, 67 
Gasification of cornstalks by thermo-
philes, 233 
General differential operator, The, 261 
Gramineae (Grass family), 200 
Grasshoppers, control of, 345 
Grasshoppers, reactions of, to caster bean 
plants, 353 
Haloragidaceae (Water Milfoil family), 
210 
Heat, radiant, transfer in ceramic kilns, 
48 
Hemolymph, circulation of, in wings of 
Blattella germanica L., 107 
Hemophilus influenzae avis, study of, 73 
Herbarium, Iowa State College, supple-
ment to catalogue of Iowa plants in, 
199 
Heterofermentative lactic acid bacteria, 
dissimilation of levulose by, 359 
Heterofermentative lactic acid bacteria, 
nutritive requirements of, 367 
Hexosediophosphate, 253 
Hillculture, practice of, 385 
Hybrid and inbred strains of sweet corn, 
pericarpins, 379 
Hydrogen sulfide, liquid, 60 
Ice cream, examination of, with Bui:Ti 
smear culture technic, 163 
lliecebraceae (Knotweed family), 207 
Inbred strains of sweet corn, pericarp in, 
379 
Influenza, swine, studies on, 73 
Insect, potato, control, 155 
Insecticidal action of some substituted 
pyrrolidinea, 53 
Insecticidal action of substituted quino-
lines and tetrahydroquinolines, 69 
Insecticides, 345 
Insects as vectors of yellow dwarf, a 
virus disease of onions, 267 
Ionization constants and insecticidal 
action of substituted quinolines and 
tetrahydroquinolines, 69 
Iowa, fungi, 129 
Iowa plants, supplement to catalogue of, 
in Iowa State College herbarium, 199 
Juglandaceae (Walnut family), 205 
Juice, active, preparation of, from bac-
teria, 179 
Ketoses, functioning of, 364 
Kilns, ceramic, 48 
Lactic acid bacteria, 367 
Lactabacillus buchneri, 367 
L. lycopersici, 362, 367 
L. mannitopoens, 367 
Larvae, fly, culture of, 81 
Laue patterns, distribution of energy in, 
84 
Lauraceae (Laurel family), 207 
Leafhoppers, 270 
Leguminosae (Bean family), 209 
Leuconostoc dextranicus, 362 
Levulose, dissimilation of, 359 
Levulose, dissimilation of, by heterofer-
mentative lactic acid bacteria, 359 
Light, ultra-violet, 215 
Lignin, decomposition of, in plant ma-
terials, 11 
Lobeliaceae (Lobelia family), 211 
Maggot therapy, culture of fly larvae 
for use in, 81 
Micrococci, proteolytic, classification of, 
isolated from dairy products, 43 
Micro organisms, effect of growth of, on 
acid numbers of fat in cream and but-
ter, 32 
Moisture, content in soil, 76 
Motility of the excised fore-gut of Per-
iplaneta americana (Orthoptera) in 
various salt solutions, 393 
Nabidae, new and unrecorded, 323 
Najadaceae (Pondweed family), 200 
Nature of Eimeria nieschulzi growth-
promoting potency of feeding stuffs. 
I. Positive effect of gray shorts, 317 
New Nabidae (Hemiptera), 323 
Nicotine, toxicity of, injected into cock-
roach (Periplaneta americana), 309 
INDEX 423 
Nitrogen fixation by Axotobacter, 87 
Nutritional role of zinc, 89 
Nutritive requirements of the hetero-
fermentative lactic acid bacteria, 367 
Onagraceae (Evening Primrose family), 
209 
Onions, virus disease of, transmission of, 
267 
Oocysts of Eimeria nieschulzi, 320 
Operator, general differential, 261 
Organic compounds, association of, and 
electron-sharing ability of radicals, 55 
Organisms, susceptibility of, to ultra-
violet light, 228 
Organometallic compounds of group VIII 
elements, 57 
Organometallic radicals, 8 
Organosubstituted ammonium chlorides 
in liquid hydrogen sulfide, 60 
Orthotropic elastic layer, stresses in, 295 
Oxidation of certain polyhydric alcohols 
by Acetobacter suboxydans, The, 24 
Pachynomus africanus, n. sp. descrip-
tion of, 323 
Pericarp, quantity of, in strains of sweet 
corn, 379 
Periplaneta americana (Orthoptera) mo-
tility of excised fore-gut of, in salt 
solutions, 393 
Periplaneta americana (L.), toxicity of 
nicotine when injected into, 309 
Phenol compounds, 350 
pH, Effect of, on toxicity of nicotine in-
jected into cockroach, 305 
Phomopsis, species of, 139 
Phorticus abdominalis, n. sp. description 
of, 325 
Ph. flavus var. breviatus, n. var., de-
scription of, 327 
Ph. varicolor Distant, 326 
Phosphoglyceric acid, dissimilation of, 
and hexosodiphosphate by Aerobacter 
indologenes, 253 
Physiological and nutritional role of 
zinc, 89 
Plants, Iowa, in Iowa State College her-
barium, 199 
Plating method, for estimating number 
of bacteria in soil samples, 50 
Polygonaceae (Buckwheat family), 206 
Plum, response of, grown under hillcul-
ture conditions to modifications in cul-
tural treatment, 385 
Potato insect control, 155 
Preliminary studies on the comparative 
value of some sprays and dusts in po-
tato insect control, 155 
Preliminary studies on the use of dinitro-
o-cresol dusts in grasshopper control, 
345 
Preparation of an active juice from bac-
teria, 179 
Preparation of cholesterilene and various 
cholestadienes, 101 
Prostemma amysti Reuter, 324 
P. belidis, n. sp., description of, 324 
Proteolytic micrococci, classification of, 
isolated from dairy products, 43 
Pseudovalsa, 129 
Pyrrolidines, substituted, insecticidal 
action of some, 53 
Quantitative spectrographic analysis of 
soils, The, 35 
Quantity of pericarp in several hybrid 
and inbred strains of sweet corn, The, 
379 
Quartz filters, effect of, on distribution 
of energy in laue patterns, 84 
Quinolines, alpha substituted, 69 
Radiant heat transfer in ceramic kilns, 
48 
Radicals, electron-sharing ability of, 55 
Radicals, organometallic, 8 
Ranunculaceae (Crowfoot family), 207 
Reactions of some high-molecular-weight 
fatty acid derivatives, 64 
Relation between the free energy of srul 
water and the moisture content of the 
soil, 76 
Relation between methods of saccharifi-
cation and yield of ethanol from various 
cereals, The, 78 
Relation of the structure of sugars to the 
chemism of the butyl-acetonic fer-
mentation, 40 
Relationship between the electron-shar-
ing ability of radicals and the associa-
tion of organic compounds, 55 
Relationship of Achromobacter putrefa-
ciens to the putrid defect of butter, 17 
Response of the plum grown under hill-
culture conditions to modifications in 
cultural treatment, The, 385 
Ricinus communis L., as used for grass-
hopper control, 353 
Rosaceae (Ro~e family), 207 
Saccharification and yield of ethanol from 
various cereals, 78 
Salicaceae (Willow family), 204 
Salt solutions, motility of fore-gut of 
424 INDEX 
Periplaneta americana in, 393 
Salts of zinc, 89 
Santalaceae (Sandalwood family), 206 
Sarcina lutea, 217 
Scrophulariaceae (Figwort family), 211 
Soil, moisture content of, and free en-
ergy of soil water, 76 
Soil, plating methods for estimating 
number of bacteria and fungi in, 50 
Soils, quantitative spectrographic an-
alysis of, 35 
Some anomalous Friedel-Crafts reac-
tions, 98 
Some changes produced in growth, re-
production, blood and urine of rats by 
salts of zinc with certain observations 
on the effects of cadmium and beryl-
lium salts, 89 
Some factors influencing nitrogen fixa-
tion by Azotobacter, 87 
Some new and heretofore unrecorded 
Nabidae (Hemiptera), 323 
Some reactions of grasshoppers to castor 
bean plants, 353 
Some studies in swine influenza 
I. Comparative study of Hemophilus 
influenzae avis and H. influenzae 
II. Antibody response to experimental 
swine influenza, 73 
Sprays, and dusts, for potato insect con-
trol, 155 
Strain, finite , analysis in elastic theory, 
71 
Staphylococcus aurens, 217 
Stresses in an orthotropic elastic layer, 
295 
Studies on the fermentative activity of 
yeast zymin, 27 
Sugar, structure of, related to butyl-ace-
tonic fermentation, 40 
Sulphur dust, 157 
Supplement to the catalogue of Iowa 
plants in the Iowa State College her-
barium, The, 199 
Swine influenza, studies on, 73 
Temperature, effect of, on intensity of 
fluorescence, 195 
Therapy, maggot, fly larvae in, 81 
Thermophiles, anaerobic decomposition 
and gasification of cornstalks by, 233 
Tetrahydroquinolines, alpha-substituted, 
69 
Thin plate problems, 333 
Thrips tabaci Lind., 269 
Thyphaceae (Cat-tail family), 199 
Toxic compounds, effects of, on gusta-
tory chemoreceptors in certain Diptera, 
22 
Toxicity of fumigants, effect of ether on, 
405 
Toxicity of nicotine, effect of pH on, in-
jected into the cockroach, 305 
Tree cankers in Iowa, fungi associated 
with, 129 
Tribolium confusum Duval, effect of 
ether on toxicity of fumigants to, 405 
T. confusum Duval, toxicity studies 
with, 39 
Ultra-violet light, effectiveness in killing 
bacteria, 215 
Use of functionals in obtaining approxi-
mate solutions of linear operational 
equations, 37 
Vectors, insects as, of a virus disease of 
onions, 267 
Violaceae (Violet family), 210 
Virus disease of onions, yellow dwarf, 
267 
Vitamin A, potency of, effect of treated 
fats on, 29 
Vitamin B complex, 103 
Vitamins, differentiation of, of the B 
complex, 103 
Voltages, alternating, breakdown poten-
tials of gases under, 67 
Welfare, as affected by consumption, 95 
Yeast zymin, fermentative activity of, 27 
Yellow dwarf, vectors of, 267 
Zinc, physiological and nutritional role 
of, 89 
Zymin, yeast, fermentative activity of, 27 
